INTERMEDIATE PHYSICS 



INTERMEDIATE PHYSICS 
xii + 1033 pages . I85. net 

Also ];ntblis]ied in parts 


Peopertibs of Mattes 

46*. 

6d. 

net 

Heat 

5s. 

Od. 

net 

Optics 

6s. 

Od. 

net 

Acoustics 

3s. 

6d. 

net 

Magnetism and Electeictty 

8s. 

6d. 

net 




BY 


C. J. SMITH 

Ph.D., M.So., A.R.G.S. 

Li:OTlTUBB m PHYSICS, EOYAL HOLLOWAY COLLEaB, 
tTNlVEBSiry OF LONDON 

EXAMINEE IN PHYSICS, UNIVEESITY OF LONDON 




1 


Part V 

MAGNETISM AND ELECTRICITY 



LONDON 

EDWARD ARNOLD & CO. 


ji-Li Tig ms reserved 
First Printed, 1932 
Second Edition, 1935 
Third Edition, 1947 


Printed in. Great Britain by 
Butler & Tanner Ltd., Fronie and London 



PREFACE 

In this book an endeavour has been made to cover the syllabuses 
required in physics for the Intermediate, the Higher School Certifi” 
cate, and Scholarship Examinations of the various universities* 
Although the selection of the material which is to appear is , in 
some measure a matter of personal ' taste^ and other teachers may 
assess the various parts of the subject diferently, it is hoped that 
a study' of the following pages will furnish the student with a 
comprehensive knowledge of the essential principles of elementary 
physios, and provide him with a useful tool for further work in 
this and other subjects. It is this latter aspect which accounts 
for the somewhat numerous references to the applied sciences. 
In order thus to equip the student and complete the argument as 
far as space and the mathematical attainments of the student 
would permit, the author has not hesitated to use the calculus 
notation and, in one or two instances, the powerful and beautiful 
methods of the calculus itseK. In this way it is hoped that 
students will acquire, in the earlier stages of their careers, know- 
ledge which is essential if they are properly to appreciate the aims 
of physicsj and moreover, faowledge which must be possessed 
before work for a degree in physics is attempted. The author 
firmly believes that such knowledge must be attained at an early 
stage if the task of the student in mastering the more advanced 
parts of his subject is not to be too arduous. 

In presenting this third edition to his readers, the author has 
kept in view three chief aims, viz. (i) to explain in greater detail 
the more elementary parts of the subject, as well as those parts 
which usually appear difficult on a first acquaintance with them ; 
(ii) to add an account of that portion of physios essentia! to scholar- 
ship candidates and to those who desire to obtain more than a 
superficial knowledge of the subject; (iii) to endeavour to give 
definitions and . to use equations which are correct dimensionally. 
Usually, in an elementary exposition of physics, the dimensions 
of a physical quantity are not considered — a' course leading 
to much trouble in later years. In order to, indicate, those 
parts of the book which are generally coiisid.ered to be rather 
above Intermediate standard, they have ' been printed, in smaller 
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typ© : sucb. portions should oertainly be omitted on a first , 
reading. 

In Part I there is a general account of the properties of matter 
where the subject of surface tension has been treated on the basis 
of the idea of surface energy, i.e. molecular happenings in th© 
liquid itself. The subjects of diffusion, osmosis, and elasticity, 
have been treated in a somewhat detailed manner. A brief account 
of th© theory of dimensions and examples of its use have been added. 

In Part II an elementary exposition of the subject of heat is 
presented. Here the author has endeavoured to give bpef accounts 
of some of the more modern and accurate methods of obtaining 
thermodynamical data, in particular, th© fundamental principles of 
continuous-flow calorimetry have been developed, and the method 
then applied to the determination of latent heats of vaporization 
and thermal conductivities. In order to maintain uniformity 
with tbe rest of the book, the specific heat of a substance has been 
defined in such a way that its dimensions are, in on© system of 
units, cal. gm."^ deg.“^ 0. This seems desirable, sine© the dimen- 
sions of all equations appearing in th© subject of heat are then 
correct. The chapter on thermal conductivity remains greatly 
extended ; attention is there directed to the distribution of 
temperature in bars along which heat flows under different con- 
ditions; a brief account of modern guard-ring methods is given 
as well as an application of this method to liquids. In th© chapter 
on the fii’st law of thermodynamics the historical development is 
emphasized. Some parts of the chapter on radiation have been 
rewritten, the development now being more logical : an effort is 
also made to draw a clear distinction between processes depending 
only on the emission or absorption of radiant energy, and those 
in which the processes of radiation, conduction and convection 
are simultaneously involved. Moreover, the determination of 
specific heats by the method of cooling is described in the chapter 
on calorimetry — not as usual, following an account of Newton 
law of cooling, for the method is independent of th© validity of 
this law. 

Optics forms the subject of Part III, and here an effort has been 
made to expound the principles of tracing rays through an optical 
system ; it is only by the actual carrying out of such tracings 
that a thorough acquaintance with the elementary principles of 
optical instruments may be obtained. In dealing with the subject 
of magnification, this has been regarded as a numerical quantity, 
so that any forimilse for magnification only contain positive entities. 
These are denoted in the usual manner by ©to. Students, seem 
to find tills method the least difficult of aU. The chapter on optical 
instraments has been rewritten and considerably extended ; the 
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treatment is now tip to date. The subjects of mterference, diirac- 
tion, and polarization are treated in still greater detail. The 
theoretical part has been made to depend on ideas involving the 
time of transit between two points rather than on the ntimber 
of waves. 

In Part IV there follows a brief survey of acoustics, where a short 
account of the modern methods of sound-ranging on land and sea 
has been given. Here there appears a comprehensive account of 
methods for determining the velocity of sound in air and in sea- 
water : a short section on supersonics is included. The treatment 
of Lissajou’s figures is now more complete. 

Part V, that section of the book dealing with electricity and 
magnetism, has been considerably extended. This section begins 
with an account of electrostatics, in which there is included a 
chapter on the theory of isotropic dielectrics. Here the idea of 
' electric displacement ’ is developed and a brief account of Debye’s 
work on the dielectric constants of gases follows. Gauss’s theorem 
and its applications are then discussed. Electrostatic instruments 
are treated quite fully and in an up-to-date manner. A section 
on magnetism follows : here, as in electrostatics, the term ' strength 
of field ’ is generally used in preference to ‘ intensity of field 
The symbol H now denotes the strength of a magnetic field, so 
that another symbol, e.g. Hq, must be selected to denote the 
horizontal component of the earth’s magnetic field. In this section 
on magnetism there is given a short account of an elementary 
form of the Schuster magnetometer and of instruments used for 
recording continuously variations in the magnetic elements. In 
the opening remarks of the first chapter on current electricity, 
the connexion between electricity produced by friction and’^voltaic 
electricity is discussed. Many changes appear in the succeeding 
chapters where a fairly full account of accurate methods of measur- 
ing a current and a resistance has been given. The underlying 
ideas have then been applied to the determination of small resist- 
ances and of small potential differences. More attention has 
been given to the design and principles of construction of electrical 
measuring instruments. The chapter on the magnetic properties 
of iron and steel has again been enlarged : it includes a brief 
discussion of paramagnetic and diamagnetic substances. The 
chapter on electromagnetic induction has been thoroughly revised. 
Here, as in other parts of the book, greater stress has been laid 
on historical facts, the pioneer work of Faraday being followed 
step by step. Many new diagrams showing the lines of magnetic 
induction (i) due to the original field, (ii) due to the induced current, 
are shown. The last chapter gives an account of modern work 
concerning the fascinating story of the atom ; it has only been 
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touclied upon briefly — ^just sufficient perhaps to whet a student^s 
appetite for more, but not sufficient to distract him from the more 
fundamental parts of the subject. 

As in the first edition, the treatment is mainly ©xperimenta! and 
most of the graphs and numerical examples in the text are' taken 
from actual observation. No attempt has been made, however, 
to give aU the practical details of the experiments which students 
are expected to try for themselves, except in some of the more 
difficult exercises. In many instances graphical methods of deal- 
ing with experimental observations have been suggested. 

In the near future, the author hopes to publish a text-book of 
practical physics of intermediate standard, and also a collection 
of examples, both worked and to be worked. 

In all parts numerous diagrams will be found. These generally 
are in the form of a ‘ section,’ and it is hoped that these will 
help in an understanding of the text and be found suitable for 
reproduction when occasion arises. Most of the original drawings 
have been executed from very sketchy material by my brother,, 
Brigadier L. G. Smith, O.B.E., and to Mm I wish to express my 
very best thanks. The author also wishes to thank D. Orson 
Wood, Esq., M.Sc., for the valuable suggestions which he has 
continued to give. Thanks are also due to numerous correspondents 
who have pointed out errors of omission as well as of commission ; 
also to Professor Sir Charles V, Boys, E.R.S., Professor A. Ferguson, 
D.So., Professor L. F. Bates, D.Sc., Dr. J. H. Brinkworth, Dr. 
H. J. T. Ellingham, and J. Nicol, Esq., B.A., B.Sc., who have 
made suggestions with regard to the earlier editions or who have 
gladly given advice when consulted. Lastly, the author would 
like td" express his appreciation of the continued help given by his 
wife [nee H. F. Taylor), without whose assistance in all matters 
connected with tMs edition its publication would have been delayed 
still further. 

Royal Holloway College, 

Englefield Green, 

Surrey. 

Aprils 1947 . 
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PART V 

MAGNETISM AND ELECTRICITY 


CHAPTEE XXXV 
ELECTROSTATICS 

. Introductory. — Tii© name electricity is given to a certain 
invisible agent of which we are only cognizant through the effects 
produced by it. Although we have little idea of the true nature 
of electricity it is possible to give a rational explanation of these 
manifestations. The science of electricity, like that of magnetism, 
dates from the times of the ancient Greeks. This people was 
acquainted with the magnetic properties of lodeston© ; it also knew 
that when amber is rubbed with another substance it acquires the 
power of attracting small bodies to itself. These two facts, although 
apparently so dissimilar, are really very closely connected. It is 
now known that magnetism in motion produces effects similar to 
those due to electricity at rest, while a constant direct current of 
electricity [i.e. electricity in motion} produces a stationary mag- 
netic effect. Electricity is neither matter nor energy ; yet it is 
usually associated with matter, and work must be done in trans- 
ferring it from on© place to another. Modem civilization owes a 
great debt to electricity and it is probable that this debt wiU increase 
rapidly in the future. Electricity has come to play such an im- 
portant role because when it has been * generated ^ at one station 
it may be transferred to another and there used in the production 
of heat, light, and mechanical energy. Until the last two decades 
of the nineteenth century material conductors were thought to be 
necessary, but wider knowledge has made possible wireless telegraphy 
where the transmitting medium appears to be space. As we - find 
this difficult to conceive w© imagin© a medium filling all space— 
the aether — and think of it as the transmitting agency. ■ 
Electrical Attraction. — When a piece of ebonite, sealing-wax, or 
a glass rod is rubbed with dry flannel or silk, it acquires the' property 
of attracting light objects, such as bits of paper, straw, etc. The 
Greeks discovered that amber, or, as they termed it, 
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behaved in this way. It was left to Dr. Gilbert (1600) to show that 
other bodies also acquired the same property after being similarly 
treated. Such bodies are said to have been electrified by 
friction. 

Instead of using small objects to detennine whether or not a body 
is electrified the following more sensitive apparatus may be em- 
ployed. A small pith-ball is supported by a silk thread and the body 
under test brought near to it. If the ball is attracted, the body is 
electrified. This experiment is not a certain proof that the body is 
electrified, for if a charged piece of wax, supported in a stirrup, is 
similarly suspended it will be attracted when a metal rod held in the 
hand is brought near to it, yet the metal rod is uncharged, for it is 
earthed. Hence, in our first experiment the pith-baU may have been 
charged. 

Electrical Repulsion, — If a glass rod, suspended by a silk 
thread, is rubbed with silk and then a second glass rod similarly 
treated brought near, the suspended rod will not be attracted but 
repelled, i.e. similarly electrified bodies repel one another. Since 
non-electrified bodies do not exhibit this property, repulsion is the 
only sure test that a body is electrified. This phenomenon of elec- 
trical repulsion explains the following facts which will have been 
noticed when a charged body is brought near to small objects. 
After such objects touch an electrified body they fall off, i.e. they 
are repelled. This fact was noticed by voisr Gxjeeioke in the 
seventeenth century. The reason for the above phenomenon is 
that after the bodies have touched the electrified body the charge 
on each is wholly like that residing on the charged body, so that 
electrical repulsion ensues. 

If two uncharged pith-balls are suspended side by side and an 
electrified rod brought near to them, both are attracted by the rod. 
If they touch the rod, each acquires a charge similar to that on the 
rod, so that repulsion takes place. This repulsion is greatest when 
the rod is present although it will still persist, but in diminished 
amount, when the rod is removed, for the two balls have acquired 
similar chargee. The phenomenon of repulsion is well observed 
when some persons brush their hair on a dry day. The hairs 
become charged and so repel one another. 

The observations of Robeet Symmee [1759] on the attractions 
and repulsions of charged bodies are at least amusing. He was in 
the habit of wearing two pairs of stockings simultaneously, a worsted 
pair for comfort and a silk pair for appearance. In pulfing off his 
stockings he noticed that they gave a crackling noise, and some- 
times they even emitted sparks when taken' off ' in the . dark, 'On 
taking the two stockings off together from the foot and then drawing 
the one from inside; the- other, he found that both became inflated 
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so as, to reproduce the shape of the foot,,, and exMMted attractions 
and repulsions at a distance of as much as a foot and a' half. ^ 
The Detection of Electricity* — ^If an ebonite rod is electrified by 
rubbing it with silk, it possesses the power of attracting small pith- 
balls, When these balls touch the rod they become electrified by 
contact and are then thrust off from the rod. When two pith-balk 
are suspended by separate pieces of silk from the same point, and 
are electrified by contact with an ebonite rod, the two balls separate. 
If now a glass rod is similarly rubbed with silk, when it approaches 
the two balls they tend to fall together. We therefore conclude 
that the charge on the glass is opposite in sign to that on the pith- 
balk, Similar results can be obtained with a gold-leaf electro- 
scope [cf. Fig. 35‘8, p. 674]. This consists of a metallic box, C, 
which is preferably earthed in order to increase the sensitivity of 
the instrument [the reason for this will be given later — cf. p. 682] ; 
two sides of the box are made of sheet glass for purposes of ob- 
servation. Through an insulating boss, D, [made of sulphur] in 
the top of the box is inserted a metal rod which carries a metal 
disc at its top, whilst the portion inside the box is flattened out, 
and a piece of gold leaf attached to it. [Sometimes two leaves 
are used.] If a charged rod is brought near to the electroscope 
the leaves diverge and collapse again when the rod is removed ; 
when a charged rod touches the metal disc or cap the leaves 
diverge and remain diverged when the rod is removed. 

If the electroscope is charged initially, the divergence of the 
leaves increases when a body having a similar kind of charge is 
brought near : on the approach of a body with a different kind 
of charge the divergence decreases. [If this latter body is brought 
closer to the electroscope the divergence of the leaves may be 
reduced to zero and then increase.] 

The existence of two types of electricity was first established 
about 1733 by bit Fay, superintendent of gardens to the King of 
France. He found that a piece of gold leaf, electrified by contact 
with a piece of excited glass, was attracted when brought close to 
a piece of resin which had been electrified. Since both the gold 
leaf and resin were electrified, du Fay expected to observe the 
repulsion of the two bodies. From further experiments it was 
concluded that there were two types of electricity- — one similar to 
that found on glass when rubbed by silk, the other to that on 
ebonite rubbed with fur. These are now teimed positive ■ Bmd 
negative respectively. 

■> Insulators and: Conductors. — For many years' it was' believed 
" that only non-metallio bodies were susceptible to electrification, 

Cf. ; Jeang, , and p. 11 ^ (Cambridge University 

Ppesel ' 
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but this idea was corrected when Stephen Gray about 1730 dis- 
covered that bodies could be divided into two classes, namely those 
through which electricity will pass (conductors) and those which 
prevent its passage (insulators). If a metallic tub© is attached 
to a glass rod, the glass rod attracts small pith-balls after the 
whole has been rubbed, the metal being in the hand [i.e. earthed]. 
The metal part does not display tMs phenomenon. When, however, 
the rubbing is repeated with the glass held in the hand, then the 
metal retains its state of electrification — it is the glass which prevents 
the charge from escaping. 

The above experiment shows that substances m.ay . be divided 
roughly into two classes — insulators, which retain their charge 
on being excited electrically, and conductors, whioh lose their 
charge if they are earthed. Good insulators are poor conductors 
of electricity and vice versa. Amber, bakelite, ebonite [when highly 
polished] and dry gases are examples of good insulators, while 
metals and aqueous solutions of salts and inorganic acids are good 
conductors. The charge on an electrified body may also be removed 
by passing the body through a flame, or exposing it to X-rays or 
radium. The terms conductor and insulator are relative ones only, 
for pure water is an insulator for small voltages, and yet if an 
insulator is wet its charge of electricity is rapidly lost. It is, 
therefore, better to speak of good and bad conductors of electricity 
rather than to use the terms condxictor and insulator, and to 
state the conditions under which the substance considered is to 
be used. 

The fact that dry gases are bad conductors of electricity has 
probably been a great blessing to the human race, for, had they been 
good conductors, the phenomenon of electricity might have re- 
mained undetected and unsuspected. 

The * Colour * Test for Electricity. — ^When a mixture of 
sulphur and red lead, PbsO^, is dried in a desiccator, and afterwards 
shaken, the sulphm* becomes charged negatively, whilst the red lead 
acquires a positive charge. The mixture, as a whole, has a zero 
charge, a fact which can be demonstrated by placing it inside a metal 
cylinder which stands on a gold-leaf electroscope. If now a charged 
body bas the powder sprinkled over it and the body is gently tapped, 
the sulphur [— ] adheres to it, if it is positively charged, whilst the 
red lead [+] adheres to it, if it is negatively charged. 

Quantity of Electricity.— If a tin or' metal cylinder is placed 
upon the disc of an electroscope and a charged body is placed 
inside thQ cylinder, the leaves diverge and the divergence is con- 
stant irrespective of the position of the charged body, providing 
that it is well; within the tin. If the charged body is removed and 
replaced, the; divergenc© is the same. TMs constancy is attributed 
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to tlie fact that there is a definite quantity of electricity associated 
with the charged body. 

The Torsion Balance. — The torsion balance was used by 
Coulomb for the purpose of measuring the force of repulsion between 
similarly electrified spheres 
by balancing the moment of 
this force about a definite 
point against the couple 
exerted by a wire when the 
■latter is strained by twisting 
it from its position of rest. 

One form of this instrument 
is indicated in Mg. 35*1. It 
consists of a light lever sus- 
pended by a fine silver wire 
within a cylindrical glass case. 

One end of the lever carries 
a small spherical pith-ball, A, 
covered with gilt so that any 
charge given to it is distri- 
buted uniformly over its sur- f ' ' '' ' ” ”'^".'" , 1 

face. The lever is suspended 36-l.-Coulomb’s Torsion Balance. 

so that it rests in a horizontal 

position. The silver wire is about 2 feet long and its upper end is 
attached to a brass head which may be rotated about a vertical axis. 
A measure of this rotation is given by a pointer rigidly fixed to the 
brass head and moving over a circular scale graduated in degrees. 
An insulated second pith-ball, B, may be introduced through an 
aperture in the cover of the instrument : it is supported in the same 
horizontal plan© as A. To keep the inside of the apparatus dry 
and thereby improve the insulation, a small vessel containing 
pumice soaked in sulphuric acid is placed in the bottom of the case. 

To measure the force of repulsion between two like charges the 
following method is adopted : — The position of the torsion head is 
adjusted until the two balls A and B are in contact. The ball B is 
then removed and charged. When it is replaced the charge Is 
shared by the two spheres, the charges on each then being identical 
since the two spheres are equal. In consequence of the like charges 
on the spheres they are repelled, but only A moves since the other 

■ is fixed. This produces a twist in the wire. The magnitude of the 
repelling force decreases as the distance between the 'charges 
increases, but the restoring couple due to the torsion in the wire 
increases under the same conditions. Ultimately a position of 
equilibrium is attained in which the moment of the repelling 

■ force about the axis of suspension is balanced by the' couple arising 
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' from, tie twist in tie wire. Experiment’ siows tiat tie couple' due 
to torsion is proportional to tie angle tirongi wMci one end of tie 
suspension is turned relatiyely to tie otier. 

Tie Law of Force between Charged Particles.— Tie force 
between two charged bodies in air, whose dimensions ^ are small 
compared with their distance apart, is directly proportional to 
the product of their charges, and inversely proportional to the 
square of their distance apart, the force being one of repulsion 
(positive) or one of attraction (negative) according as the two 
charges are of the same or of opposite kinds. 

To' Verify the Inverse Square Law by Coulomb'^s Method.— 
When the distance between the balls A and B is small it may be 
assumed that the distance between them is halved when the angle 
they subtend at 0 is reduced to half its original value. Let us 
suppose that when B was charged and placed in position that A was 
repelled through an angle of 34° : this was also a measure of the twist 
in the wire which balanced the repellmg force between the two 
spheres. To reduce the angular deflexion between the spheres to 
17° it was necessary to rotate the torsion head through 119° in the 
opposite direction so that the relative twist between the two ends 
of the torsion wire was (119° + 17°) = 136°. Since the distance 
between the spheres had been halved, the force of repulsion between 
them had been increased four times. These numbers verify the 
inverse square law. 

To Verify that the Force is Proportional to the Product of 
the Charges.— Let us assume that when the two balls A and B had 
equal charges that their angular separation was 6. When the ball B 
was removed and allowed to share its charge with another ball equal 
m size to itself its charge was reduced to one-half its initial value. 
On replacing B in position it was found that the deflexion was less 
than before, and in order to increase tbe separation to 6 it was 
necessary to rotate the torsion head through an angle in the 
same direction bo that the relative twist between the ends of the 
suspension was (0 — cj>). Experiment showed that (0 — ff>) equaled 
|0, so that the repelling force was halved when the charge on one 
of the spheres was halved. 

Tbe Electrostatic Unit of Electric Quantity.— By means of 
a torsion balance, it has been shown that the force of repulsion 
between two like charges ^ and at distance r apart and in air, 
is given by the equation 

■ r® 

^ Such a charge is often termed a * point charge.’ 

® Strictly speaking, these should be point charges, i.e. the charges should 
reside on boxes ' whose dimensions are small odmpairad with their distance 
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wliere 2 is a constant. TMs equation may' be' simplified by a 
proper choice of units which will make 2 = 1,. This ' is done' by 
choosing our unit of electric quantity so that when = q^ '= 1, and 
f — 1 cm.j I is' equal to one dyne, for then the above equation 
becomes 

1 — 2 . , or 2 — 1. 


Definition. — The unit of electric charge is that point 
charge^ of the type of electricity found on glass when this 
is rubbed with silk, which, when placed one centimetre away 
from an equal charge in air [or better, in a vacuum], repels 


it with a force of one dyne. 

More Exact Theory of the 
Torsion Balance. — ^Let the charges 
on A and B be g so that repulsion 
ensues and the wire is twisted and 
suppose that the torsion head is 
rotated through an angle ^ in the 
opposite direction to reduce the 
angular separation to oc [see Fig. 
35*2]. Then (a + jS) is the relative 
twist between the two ends of the 
wire and this is proportional to the 
repelling force F which exists when 
the bails occupy these particular 
positions, i.e. 

F.ON = /c(a + iS) 



where ON is the perpendicular fijorn O on AB, and ic is a constant, 
oc 

Since ON = I cos g, the above equation becomes 


F.Zcos| = K{a + jS). 

If r = AB, then 

_ a , a \ 2 / 

I cos I cos -5 

a Z 

= 4/<Z(a + sin I tan 

To Verify the Inverse Square Law .—If F is proportional to 
the product Ff^ should be invariable when the distance f is varied 
provided that the charges on the spheres remain constant : in other 
oc oc 

words (oc + sin 2 tan ^ should remain invariable, since k and i are 
constants. The necessary observations are therefore corresponding 


apart. The charges we have used have been on spheres because it can be 
shown that the effects due to such are the same as those arising from similar 
charges placed at the centres of the spheres. 
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values +j5)sin2tang is found to be 

constant the law will have been verified. 

To Compare Charges by Means of the Torsion Balance,— 
Since, with the usual notation, S’ = ^ being the charge on each 
sphere], the equation established above may be written 

a a 

= 4:Kl(a + jS) sin 2 tan 

If qi and q^ are the charges to be compared, let us assume that when 

q^ is shared between A and B so that the charge on each is , the 

torsion head must be rotated through to reduce the deflexion to a. 
Similarly when q^ is shared between A and B, these having been 
discharged after the first part of the experiment, let ^2 angle 

of rotation of the head to reduce the angular separation between the 
spheres again to a. Then 

/q-t\^ oc a 

J 4Klia + ;?i) sin 2 tan ^ 

(f) 4(cZ(a + ^ 2 ) sin I tan I 


il = h + 

^ OC -|- ^2 


Example ^ — Two small spheres each having a mass m gm. and 
charge q, are suspended from a point by 
insulating threads, each I cm. long but of 
negligible mass. If 6 is the angle each 
string makes with the vertical when 
equilibrium has been attained, show that 

sin *0 tan 0 — g*. 

Let 0, Fig. 36*3, be the point of suspen- 
sion, while A and B are the two charged 
spheres. Let AB = 2r. Consider the 
sphere A. It is acted upon by three forces, 
viz., T, the tension in the string, its weight 
mg acting vertically downwards, and a 
repelling force, F, acting in the direction 
BA, due to the charges on the spheres: 

Its magnitude is Draw ON perpen- 

dicular to AB and take moments of forces about 0, Then F , ON = 
mg , AN, 

■ S* 



s.e. 


Hence 


4r® 


, I cos 0 — mg .Ism 6. 
q* = imgPmn^d tan 0, ■ 


If 0 is small, as is usually the case, this may be written q^ ~ ^mglW ; 
'0 - is ' then , easily deduced, : 
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The Electric Field. — The properties of the space round a given 
body become modified when that body acquires an electric charge,- 
for if other charges are now introduced into that space they experi- 
ence forces, whereas such forces- were absent when the body was- 
uncharged. The space round a charged body in which these forces 
arise is termed an electric fields If the charged body is situated 
in an unlimited medium it is clear that the extent of the field 
increases as the sensitivity of the devices used for detecting the 
forces increases. 

Electric Field Strength or Electric Intensity, — ^The strength 
of an electric field at a given point in air is defined, numerically, 
as the force which would be exerted on a unit positive charge 
placed at that point, provided that the configuration of the 
field were not altered by the introduction of the unit charge. 
The direction and sense of the field strength are identical with 
those of the above force. Hence the electric intensity at a distance 

f from a point charge g In air is, given by E = 

More exactly, the electric field strength is defined by the equation ' 


B 


dW dF 
Inn -r- = -3-9 


where SF is the small force experienced by a small positive charge 
dq introduced into the field at the point where the field strength is 
required. 

Thus, if q is the point charge to which the field is due, 


SF 


r* ’ 6q 


q OM 

Since ^ is also the limiting value of it is the electric field strength ; 
required. 


Lines and Tubes of Force. — ^In consequence of the electric 
intensity existing at all points in an electric field, it follows that a 
small, free, positive charge- will be urged in a definite direction if 
placed at any point in the field : in fact, it will begin to move along 
the direction in which the field strength at the point considered acts. 
If the small charge could move without acquiring an appreci- 
able velocity it would travel along a line of force, this being a 
curve such that the tangent at any point gives the direction of -the 
electric intensity at that point. The direction in which the' ^ small 
positive charge tends to move is termed the positive direction of 
the line of force ; -since repulsion takes place between like charges 
it follows that lines of force must have their origin- on positive 
charges and terminate on negative ones. 

- The , lines ' of force from an isolated positive point charge are 
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stralgM lines radiating outwards from that point: If the charge 
is .negative the diagi’am is the same, but the positive direction of 
the lines is reversed. 

Fig. 354, (a), (b), and (c) depict the lines of force due to equal 
like charges, equal unlike charges, and two like charges q and 
In (a) there is a neutral point half-way between the charges ; in 



(a) (b) (€) 

Fig. 354. — Lines of Electric Force. 

(c) there is a neutral point the position of which may he determined 
as follows : — If N is the neutral point, i.e. the resultant field 
strength is zero at N, we have 

_i__jL = o 

AN® BN® * 

Hence BN = 2 . AN. 

Such diagrams as these are useful since they give us a picture 
of electric fields, but we have to remember that these diagrams 
are drawn in one plane whereas the electric field exists in space. 
A more complete representation of the field due to two charges is 

obtained by imagining the above 
diagrams to be rotated about an axis 
passing through the charges. 

. ^ Another method of depicting an 

/ ' electric field is as follows: — Let 

/ ^ positively charged 

( lILJ J body. Consider the lines of force 

\ 7 which originate from al points on 

\. y/ the contour of a portion S of the 

surface. The lines wOl form a tubular 
Fig. 35-5.— a Tub© of Force, surface, the whole being called a tube 

offeree. If all the surface of A is 
divided in this maimer and the corresponding tubes ■: of ■ force 
constructed they wiQ fill the whole field and touch one another 
laterally. If, the surface of A is .divided so that each element S 
contains unit charge j the tubes of," force arising from- them are 
known as Faraday unit tubes. Hence, 'if :, the total charge on , 
A is g, the number of Faraday unit tubes is also ■ 
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Electrification by Influence or Electrostatic Indection.— 
In the earlier part of this chapter it has been shown that bodies 
carrying electric charges attract or repel one another according to 
the signs of the charges. We also learned that attraction occurred 
when a charged body was brought near to one having no charge. 
Now it iS' a fundamental law in Nature that there can only be 
mutual action between two bodies if each is endowed with the same 
physical property. Thus inert matter attracts inert matter and 
electrically charged bodies attract or repel one another. The 
problem which at once presents itself therefore is to explain the 
electric attraction between a charged and an uncharged body. Let 
A, Fig. 35*6, be a positively charged sphere supported on an insulating 
stands while BC is an uncharged insulated conductor. Small pith- 



Fig. 35*6. — Electrification by Induction, 


balls are placed near to the ends of BC in the way indicated. Initially 
these hang vertically downwards. When BC is brought near to A 
it will be noticed that the balls are repelled away from the surface 
of the conductor and that their displacements from the position 
of rest increase as the conductor BC is brought nearer to A. This 
experiment shows us that BC is charged, but it tells us nothing 
about the nature of the charges on it. On removing A, however, 
the pith-baUs resume their original positions showing that BC is 
charged no longer. Moreover, if a pith-ball is placed about half- 
way between B and 0, it remains undefleoted' during the course of 
•the above experiment. These facts suggest that' there' is positive 
electricity on one half of the conductor and an equal amount of 
negative electricity on the other and that there is no electricity 
at the centre, but they do not indicate how it is distributed. The; 
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sign of the electricity may be ascertained by springing the surface 
of BC with a mixture of red lead and sulphur [cf. p. 662 ]. When 
the conductor is tapped, with a glass rod [say], the red lead adheres 
to the end B, while the sulphur adheres to the end C, i.e. B has 
acquired a negative charge, and C a positive one. If A had been 
charged negatively the signs of the electrification on BC would 
have been reversed. 

This action takes place over considerable distances and even if 
a sheet of cardboard, glass, or ebonite is placed between A and 
BC. When a body becomes charged in this way it is said to have 
acquired its charge by influence or electrostatic induction^ 
The phenomenon of electrostatic induction was discovered by 
Stephen Gbay in 1729. 

If the conductor BC consists of two parts which are together 
at first but separated whilst the inducing charge is near, the two 
induced charges cannot neutralize each other when the inducing 
charge is removed, but remain on the two portions. If the inducing 
charge is positive, the nearer portion of this compound conductor 
will have a negative induced charge, while the other will have a 
positive one. 

If the complete conductor BC is earthed while under the influence 
of a positive charge on A, we shall really have a compound conductor 
consisting of the conductor, the person touching it, and the earth. 
The induced positive charge wiU pass to the earth, so that when 
the finger is removed a negative charge will be found on BO even 
when A is no longer present. 

The quantity of electricity induced on a conductor increases 
with the charge on the inducing body and when the distance between 
the two bodies is diminished. The theoretical limit would be 
reached when the quantity of electricity on the near end of the 
conductor is equal in magnitude to the charge on the inducing 
body, but opposite in sign, and the quantity at the far end is equal 
in magnitude and sign to it. In practice, however, this condition 
is seldom reached for when A is brought very near to the end B 
of the conductor, the electric intensity in the field immediately 
between A and B becomes so great that a minute spark passes. 
This is not often seen although it may be heard. After such a 
spark has passed and A is removed BC is found to have a positive 
charge since it has lost some of its negative electricity during the 
passage of the sparks 

These experiments show that the attraction between a charged 
and ‘ an uncharged body * is really an attraction between the charge 
on the inducing body and the charge of opposite sign which it has 
induced on the nearer portion of the body which was initially 
without charge. 
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To Charge an. Electroscope by Induction, — Thefonr essential 
stages by wbicJi this is accompiisbed are shown in Mg. A 

negatively charged ebonite rod. A, is brought near to an uncharged 
electroscope, the metallic case of which is earthed. Positive 
electricity is induced on the disc of the electroscope whilst negative 
electricity is found on the leaves. This is the reason why the 



(c) (d) 

Fia. S5*7.— To Charge an Electroscope by Induction, 


leaves of an electroscope diverge even when the charging rod 
does not touch the instrument [cf. Fig. 35*7 (a)]. , The disc of 
the electroscope is then earthed — touching it with a finger will be 
effective [Fig. 35*7 (5)]. The negative charge is removed to 
earth but the positive charge does not so escape, for the negative 
charge on the rod' attracts it very considerably. The finger is 
then removed and no change in the electroscope is observed [Fig, 
35‘7 (c)]. The rod is then removed and the positive charge on the 
disc spreads itself, all over the surface :of , the disc and leaves, so 



■672 ' MA63S11TISM AND ELECTRICITY 

that the leaves diverge. The fact that the leaves have a positive 
charge can be demonstrated by bringing a positively charged rod 
near to the electroscope and observing the increased divergence of 
the leaves. 

■ Theories of Electriflcation.^ — ^In the eighteenth century at- 
tempts to account for electrical phenomena usually postulated 
the existence of one or two imponderable fluids, , Ebaniilin (1749), 
and others, proposed a one-fluid theory according to which all 
bodies in their ordinary neutral condition were assumed to possess 
a definite quantity of this fluid, whereas an excess or deficit of this 
fluid produced a positive or negative distribution respectively. 
Franklin further assumed that the fluid was self-repellent but 
attracted by ordinary matter. Hence the amount of fluid associated 
with a so-called neutral or uncharged body was such that the 
attraction between the body and the fluid in it was counterbalanced 
by the repulsion between the flxiid in the body and the fluid external 
to it. 

In 1769 Symmer proposed a theory postulating the existence of 
two imponderable fluids. Coulomb developed this idea, maintain- 
ing that a positive state of electrification was not due to an excess 
of electric fluid and the negative state to a deficiency, but in the 
former instance the state of electrification was due to the possession 
of a larger portion of ‘ one of those active powers ’ : in the second 
instance to a larger portion of the other. Moreover, a body in its 
natural state was unelectrified because there was ‘ an equal ballance 
of those two powers in it.’ 

Modern theory suggests that there is an ‘ atom of electricity ’ 
just as there are atoms of ordinary matter. The atom of electricity 
is termed an electron: each electron is a definite quantity of 
negative electricity and its mass is xsV^-th part of that of a hydro- 
gen atom. A negative charge is acquired when a body gains a 
number of electrons, whilst a deficit in the number of electrons 
normally present gives rise to a positive electrification. When, 
for example, glass is rubbed with silk, electrons are transferred 
from the glass to the silk so that the glass becomes charged 
positively and the silk negatively. The equality of the two kinds 
of electricity produced by friction [cf. p. 675] is at once explained 
and we see that there is no such thing as a generation of electricity, 
but that electric phenomena are due to a mere redistribution of 
the amount of electricity normally present in a body. Conductors 
permit a free passage of electrons through them whereas non- 
conductors only allow the electrons to suffer a small displacement 
from their zero positions. 

The Distribution of Electricity on ' .Bodies.-~-(a) Poorly 
Conducting Substances : ' When '. Sb charge is given to one 'of ,' 



EMcmosTimcs ^^ ^ ^ ^ 073 

these substances it is confined to that region of its surface where 
it has been in contact with the charging body. If the substance 
were a perfect insulator and there were no loss of charge through 
the surrounding' medium, its charge would, remain on its surface. 
In practice it is found that the charge gi’aduaHy distributes itself 
over the body and to a less extent into its interior. Thus a piece 
of sealing-wax rubbed at one end only exhibits electrification at 
that end, 

( 6 ) Conductors : With conductors it is found that the charge 
resides wholly on their surfaces. This may be demonstrated by 
insulating a metal tin on a block of paraffin wax and charging the 
tin. The distribution of the electricity on it may be ascertained 
by using a proof plane [cf. Mg. 35-6 (6)]. This consists of a 
small metal disc attached to the end of a piece of sealing-wax. In 
use, it is brought into contact with any body under examination 
and then allowed to touch the cap of a gold-leaf electroscope having 
a charge of known sign. If the angular separation of the leaves 
increases, then the proof plane had a charge similar in sign to 
that on the electroscope. The reverse is true if the angular separa- 
tion decreases. If the amount of decrease is very small the proof 
plane may be uncharged. To test this the electroscope should be 
given a charge of opposite sign to that it carried initially. If, 
when the plane is brought into contact with it, there is again a 
small decrease in the angular separation of the leaves, the proof 
plane will have been uncharged, but if there is a small increase 
in the angular separation, then the proof plane wiU have been 
carrying a small charge equal in sign to that now present on the 
electroscope. To verify that there was no charge on the proof plane in 
a suspected instance, it may he placed in contact with an uncharged 
electroscope. If its leaves do not diverge the plane is uncharged. 

If the proof plan© is allowed to touch the outside of the above 
tin it will always be found charged. On the other hand, if it is 
placed well within the tin and allowed to touch the interior, no 
charge will be detected on the plane when it is removed, 

Also, if an insulated charged conductor is introduced into an 
uncharged tin supported on an insulating stand and allowed to 
touch it, it win be found uncharged when it is withdrawn. On 
testing the tin with a proof plane, however, a charge wifl be detected 
on its outside only. 

Similarly, , if a pair of gold leaves is supported inside a closed 
wire-gauze cage, the leaves, do- not diverge when the cage is- charged. ■' 
' Eababxy, in order to examine this question still: further, placed > 
a charge on a butterfly net. This consisted of ' a- conical Enen-gauz© 
bag:'" it was supported on an insulated mg and had silk strings 
'- attached to its apex so that it could' be drawn' inside 'Out. - When: 
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examined with the aid of a proof plane and electroscope, Faraday 
found the charge only on the outside of the bag. When the bag 
was turned inside out, a charge was only detected on its outside— 
that portion which had previously been the interior. 

. Faraday^'s Ice-Pail Experiments. — One of a most striking 
series of experiments first carried out by Faraday was as follows ; — 
A pewter ice-pail, or, as one would now use, a cylinder of perforated 
zinc sheet, B, Fig. 35*8, supported on an insulating stand [a block of 
paraffin wax] is connected by a wire to the cap of a gold-leaf electro- 
scope C. Let us assume that a positively charged conductor A is 
lowered into the cylinder. As soon as the ball gets near to B the 
leaves of the electroscope begin to diverge owing to the inductive 
action of the charge, i.e. negative electricity appears on the inside of 
the cylinder while positive electricity is found on its outside and on 
the cap of the electroscope which forms part of the conductor under 






Fig. S5*8. — Faraday’s Ice-Pail Experiment, 


the influence of A. The divergence increases until the body A is 
well inside B— after this the divergence remains independent of the 
position of A inside B. This shows that the potential [cf. p. 677] 
of B and the electroscope is constant and independent of the position 
of A, providing the latter is well within B. If A is withdrawn, the 
leaves collapse. If, however, A is allowed to touch the inside of 
B before it is withdrawn, the divergence of the leaves is unaltered. 
Thus the potential of B is not changed when the positive charge 
on A is neutralized by the induced negative charge inside B, If 
now, A is, removed, the divergence remains the same, i.e. there can 
be no charge on A after it has touched B-— in other words, no 
charge resides on the inner surface of a hollow conductor. 

The above experiment may be varied by touching the can with 
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one’s fingers wliile the charged body A is inside it but before contact 
between A and B has oociarred. The positive induced charge 
disappears and the leaves collapse. On removing one’s fingers the 
leaves still remain together, a condition which is not changed when 
A is allowed to touch E. This is because the negative induced 
charge on B neutralizes the positive inducing charge. If A is 
withdrawn, however, after B is earthed, the leaves of the electro- 
scope diverge, due to the fact that the induced negative charge 
on B distributes itself over B and 0. 

To Show that the Electric Field Strength inside a Charged 
Tin is Zero. — Let us suppose that the cylinder of the previous 
experiment has been charged. Let two proof planes with their 
metal discs touching be placed outside the cylinder so that one disc 
is a little farther from it than the other. If the two planes are 
separated while in this position and first one, and then the other, 
brought into contact with a charged electroscope, they will each 
be found charged with electricity of opposite sign. This is because 
they have been in an electric field and the charges induced upon 
them isolated by separating the component parts of the conductor 
while still in the field. On the other hand, however, if the two 
discs are placed right inside the charged cylinder, separated, with- 
drawn from it, and then examined, no charge will be detected on 
either. Hence they must have been separated in a field whose 
electric strength was zero. 

Positive and Negative Charges produced by Friction are 
always Equal in Amount, — ^A small metal disc insulated by a 
wax handle is covered with a piece of ebonite, whilst another similar 
disc is covered with fur. The ebonite and the fur are discharged 
by placing them in contact with an earthed metal plate [or better, 
by allowing X-rays to fall on them]. The absence of electrification 
on them may be tested by introducing them in turn into a tin 
placed on top of a gold-leaf electroscope. An absence of divergence 
on the part of the leaves shows that they are not electrified. The 
two are then placed right inside the tin and rubbed together. The 
leaves do not diverge, showing that the total electrification on the 
two bodies is zero. But if either disc is withdrawn, the leaves 
diverge. Since both the fur and the ebonite may thus be shown 
to be charged while their total electrification is zero, we conclude 
that the positive and negative electricity are produced in equal 
amounts during this process. 

To Show that the Surface Density of Electricity is Greatest 
where a Conductor is most Sharply Curved.— If a; pear-shaped 
conductor is charged and the distribution of the charge' examined 
with the aid of a proof plane it will be found that the density of 
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tlie awface electricity is a maximum at those points ■ where the 
cwTature is greatest (i.e. the radius of cuTYature least). For this 
experiment lead discs, 'equal in area, are bent so that each fits a 
particular portion of ■ the surface to be tested. They are then 
mounted on sticks of sealing-wax and applied, in turn, to those 
portions of the conductor for which they were designed. In this 
way the amounts of electricity on equal areas of a charged surface 
may be compared by observing the divergence of the leaves of a 
gold-leaf electroscope when the charged discs are placed, in turn, 
right inside a deep tin can placed on the disc of the, electroscope. 
If this is uncharged before each disc is introduced, the divergence 
is directly proportional to the charge on the disc. 

EXAMPLES XXXV 

1. — Define the electrostatic unit of quantity of electricity. What 
do you understand by the statement that equal quantities of two kinds 
of electricity are produced when ebonite is rubbed by fur ! How would 
you test the accuracy of this statement ? 

2. — -The force of attraction between two charges is 103*4 dynes when 
the distance apart is 6*3 cm. If one charge is numerically equal to 6 
times the other, calculate the magnitude of the smaller charge. 

3. *— -Three charges, 3, 4, and 5 positive units respectively, are placed 
at the comers of an equilateral triangle whose side is 10 cm. Calculate 
the force on the larger charge. 

4. — ^Two charges attract one another with a force of 8-3 dynes when 
their distance apart is 5*2 cm. Calctilate the force when the distance is 
trebled. 

5. — ^Describe how you would charge an electroscope by mduotioiL. 

6. - — ^Describe a gold leaf electroscope and explain how you would 
use it to investigate (a) the distribution of charge over an insulated 
charged conductor, (b) which of the following are conductors of elec- 
tricity — ^paper, india-rubber, chalk, a gas flame, 

7i"-Describe how you would show that there is no charge inside a 
tall insulated and charged tin and that the electric field inside is also 
ssero«. 
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POTENTIAL AND CAPACITANCE . 

Potential Difference . — When two charged conductors are con- 
nected by- a wire, in- general, there is a passage of electricity from 
one to the other ; there is -a redistribution of charge although the 
total quantity of electricity (reckoned algebraically) is constant. 
If, for example, the charges on the conductors are + -25 and. —.8 
units . respectively, the total charge before and after placing the 
conductors - in communication is' + 17 units. We may examine 
the matter qualitatively as follows : 

Suppose' that two insulated metal spheres have been charged 
(by induction is a convenient method). If each, in turn, is placed 
right inside a hollow metal conductor resting on the disc of an' 
electroscope, the leaves will diverge, the ratio of the angles through 
which the leaves are deflected in the two instances being a rough 
measure of the ratio of the charges. Now let both spheres be 
placed inside the above hollow conductor but without permitting 
them to touch. Note the deflexion of the leaves. If the spheres 
are then allowed to touch the divergence of the leaves is unaffected, 
i.e. the total charge is constant. If the spheres; are tested individu-^ 
ally afterwards, it will be found that there has usually been a 
redistribution of charge. 

The question which arises at this stage is ‘ What are the con- 
ditions determining the direction in ' which the electricity shall 
flow ? ’ -Before attempting to, answer it, we, must be provided 
with a means of obtaining definite multiples of a given amount of 
electricity. The following methodis simple and sufficiently accurate 
for our present purpose. A well-insulated metal sphere is charged 
negatively and a small metal sphere, also , insulated, placed , near 
to it. This latter is charged by induction -and if touched: momen- 
tarily with the finger the positive induced charge alone remains. 
If the small sphere is removed and placed inside a hollow conductor 
the whole of its charge is given to -that conductor. An equal charge 
may then be given to the smaU sphere by placing it in 'the same 
position with respect to the large one and repeating the process. 

■ Suppose that : two identical gold-leaf electroscopes are available, 
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and that on their discs rest two deep metal cans A and B, Fig. 36.1 
(ii). By charging the small insulated sphere already referred to, 
introducing it into A and allowing it to touch the sides of the 
oanj its whole charge is given to A and the leaves of the electroscope 
diverge. The sphere itself is discharged and may be recharged to 
the same extent in the manner already indicated. Suppose that 
equal charges are given to A and to B. It will he found that the 
divergence of the leaves is different in the two instances if A and 
B are different in size. Now let a wire, insulated by supporting it 
on a stick of sealing wax, be allowed to touch both A and B simul- 
taneously, as in Fig. 36.1(6). The divergences of the leaves are 
equal, that of the leaves on the first electroscope having increased, 
whOo that of the leaves on the second have decreased. Since there 



Fig. 36*1. — Introductory Experiment on Potential. 


has been a change in the deflexion of the leaves it is concluded 
that there has been a transfer of electricity from one system to 
the other. Since equal quantities of electricity were given to them 
originally, it follows that quantity of electricity is not the factor 
determining the flow of electricity from one to the other. The 
factor which does determine it is termed electric potential differ- 
ence and if two charged conductors are connected metallically one 
with the other, electricity flows from the conductor at the higher 
potential to the other. Since only potential differences may be 
detected, it is convenient to have a standard of zero potential, so 
that one may then speak of the potential of a body. The surface 
of the earth, this being a conductor, is an equipotential surface 
[c£ p. 686] and is taken as the zero of reference. [Small variations 
of the potential of the ground due to earth currents, etc., are 
ignored.] 

Analogies from other Branches of Physics. 

(i) From hydrostatics. Suppose that A and B, Fig. 36*2, are 
two cans connected together by a pipe, fitted with a stop-cock, C, 
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as shown. Let this pipe be very small compared with A or B. 
Let equal quantities of water be placed in each can. The levels 
are indicated by the Ml lines. 

On opening 0 liquid passes from 
A to B until the levels are the 
same in each — shown by the 
dotted lines. The flow takes 
pl^ce in the direction from A to 
B since the pressure on the A-side 3?i0. 36 * 2 . — Potential-Analogy 
of C is greater than that on the from Hydrostatics. 

B-side. 

(ii) From Heat, Suppose a small iron ball is heated until it is 
red hot and then placed in contact with a large iron ball at room 
temperature. The large ball may contain more thermal energy or 
heat than the smaller one, the total energy associated with the 
molecules of a body being regarded as its heat content, but heat 
flows from the hot body to the cooler one, i.e. it is the temperature 
of a body which determines whether or not it shall communicate 
heat to another body in contact with it. 

Electric Potential. — ^The potential of a body is its electrical 
condition determining whether or not electricity flows jfrom it to 
earth, or vice versa, when there is metallic connexion between the 
body and earth. If the flow is from the body to earth, the potential 
of the body is said to be positive : it is negative when the flow is 
in the reverse direction. 

The above is only a general statement about potential : to develop 
the theory of electrostatics it is necessary to have a precise definition 
of potential. Let us see how this is obtained. 

Suppose that a small positive charge finds itself in an electric 
field — the presence of this charge will be assumed not to affect 
the original distribution of charges to which the field is due. Then 
owing to the existence of an electric intensity at the point where 
the charge is, it will experience a mechanical force. If the small 
test charge is not fixed it will move — ^in the direction of the electric 
intensity when the above charge is positive ; in the reverse direction 
if it is negative. If the small test charge is moved about in the 
field, we may either have to do work against the forces duo to the 
field, or they may do the work for us. Wherever the charge is 
situated there will be associated with it a definite amount of potential 
energy, this being equal to the work done in bringing the test charge 
from a point where the potential energy associated with it is zero 
to the point in question. This energy will be considered positive 
■when the work is spent in overcoming the forces ■ acting on the: 
test charge. The' potential energy will be zero when the electrical 
field strength is zero, i.e. at infinity. 
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If tlie electric field is due to a positiTely charged body, the 
electric intensity will be directed away from the body at all points 
in the field and work will be done in overcoming the force arising 
from the electric intensity at each point in the path of the .test 
charge j when this is positive, as it moves from infinity towards the 
charged body. The potential energy of the test charge is every- 
where positive. If the field is due to a negative charge, the potential 
energy is negative. ■ 

The above considerations enable us to define a d,ifference of 
potential as follows . — The potential at a point A exceeds that 
at a point B by the numerical value of the work done against 
the field in taking a unit positive charge from B to A, 

More strictly, the potential at a point A exceeds that at a point B 
by the work done against the field per unit positive charge in taking 
a small positive charge from B to 

In mathematical language we may state that the potential diSerence 
. , ^ . , . , . dw , dw , . . 

between A and B is the limiting value of i.e. j where owiB' the 

work done against' the field in transferring a charge dq from B to A. 

If B is at infinity the potential there is zero, so that the potential 
at a point in an electric field is equal to the work done against 
the field per unit positive charge in bringing a small positive 
charge from' infinity to the point in question. 

It cannot be ■ emphasized ' too strongly that whereas work, or 
potential energy, is measured in ergs (say), electric potential is 
measured' in ergs per unit charge, ■ 

c.g.s. electrostatic unit of potential 
differenm.: The'.^^ at a point is one c.g.s. electro- 

static unit of potential if one erg of work per unit charge 
is done^against^ the field in bringing a small, positive ' charge 
from'infinity to. that point. 

This unit has, no other name but it is equivalent to 300 volts, the 
volt being' the practical unit. for potential [cl Chap. XLV].' 

■ 'The Eartli’s Gravitational Field.— The gravitational intensity 
or force per unit mass, near to the earth's surface is constant— it . 
is equal to g absolute units of force per unit mass, since the force 
acting on a mass m is mg. Consequently,' there must be a definite 
gravitational potential at points in the earth’s gravitational field. 
It is because the gravitational intensity is constant at points near 
to the earth’s surface that we are able to calculate the gravitational 
potential at points M' that region.; ' For if a mass m is raised through 
a vertical distance A the work done against the earth’s field m ^mgk. 
Since thisis the potential energy of the body of mass m at a height A, 
the potential at that point is 

, From the ':'abov 0 ; it wifi' that it is only. Because, the' : 
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gravitational intensity is constant over the region considered tliat 
the gravitational potential at a point in that region can be calculated 
by very simple methods.. In electrical ields the electric intensity 
is nots in general, constant, so that it is only in rather simple 
instances that the potential at a point -in an electric field may be 
computed, ,In these calculations the zero of potential is selected 
to be at infinity : in practical problems involving the measurement 
of differences of potential, the earth is considered to be at mro 
potential. 

The Principle of the Action of a Gold-Leaf Electroscope. — 
Suppose that a positive charge is given to an insulated metal body 
and this is allowed to touch the disc of a gold-leaf electroscope 
whose case is earthed,, and. therefore at zero potential, as in Tig, 
36*3 (a), 'Electricity flows from the charged body to the disc and 
leaves, the charge .on the leaves acting inductively on the case, 
where only a negative charge appears since the case is earthed. 
It wil be found that the leaves diverge:; there is a potential 
difference between them and the case/ 

If the ' charge on the ' body allowed to . touch the electroscope is 




Fig. 3S-3.-— Frincipl© of th© Action of a Gold-Leaf Electroscope. 

negative, the state" of affairs is shown in Eig.' 36*3 (6) when again 
the leaves diverge and there is' a potential’ difference, between them 
and the case. 

Now let the electroscope be supported on an . insulating stand 
and its disc earthed. ' When a, positive' charge ' is given to the case 
of the instrument a negative induced charge appears on the leaves 
which diverge : there is a difference of potential between the leaves' 
and the case— cf. Fig. 36*3, (c)* . ' 

When,; however, 'the electroscope still' being insulated, there iS' 
metalUo connexion between the case and the disc, of /Fig, 36*3 (d), 
no divergence of the leaves occurs when' the case is; charged : there 
is no differeneex of potential between the leaves and the case. ' 
The above experiments show that the leaves of an electroscope 
' 'will only diverge, when' there is a difference" of potential between 
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them and the case of the instrument. If, as usual, the case is 
earthed, the divergence of the leaves measures the potential of the 
leaves and any body attached to them. [If the capacitance of the 
body (of. p. 689) is large compared with that of the electroscope 
and charges are always communicated to the same body, then the 
deflexion of the leaves is a measure of the charge received by the 
body.] 

Free and Induced Potentials. — Since work must be performed, 
either by the field or against it, when a charged body is brought 
from i nfini ty to any point in the field of a charged body, it follows 
that a charged body must possess potential energy due to its own 
charge, for we may imagine that its charge has been obtained by 
bringing up in succession small charges from infinity, each process 
involving a certain amount of work on account of that fraction 
of the total charge already present on the body. The potential 
of a body due to its own charge is termed its /rcc potentiaL 

Now let it be supposed that an uncharged gold-leaf electroscope 
is brought into the field of a positively charged body for example. 
The electroscope finds itself in a field where the potential is every- 
where positive : its leaves are deflected and therefore it must be 
at a definite positive potential itself. There is no charge on the 
electroscope as a whole, although from our study of electrostatic 
induction we know that negative electricity has been induced on 
the cap and positive on the leaves. The potential of the electroscope 
is termed an induced potential. 

On Testing the Nature of a Charge by means of an Electro- 
scope. — Suppose that an electroscope has been given a positive 
charge so that its free potential is positive. Let a positively charged 
body be brought gradually nearer to the electroscope. This will 
acquire, in addition to its own free positive potential an induced 
positive potential ; since the instrument is a detector of potential 
differences the leaves will diverge further. The divergence increases 
as the distance between the body and the electroscope diminishes. 
This is a sure test for a positively charged body. 

Now let a negatively charged body be brought near to a positively 
charged electroscope. This acquires a negative induced potential ? 
its resultant potential is therefore reduced and the leaves collapse. 
As the body approaches more closely the divergence of the leaves 
decreases since the induced potential is becoming numerically 
greater. Ultimately, the leaves fall, together and then begin to 
diverge again since the negative induced potential is numerically 
larger than the positive free potential of the instrument. The 
resultant potential is negative : this increases as the body is moved 
stil 'nearer.'; , 

: J^ must be bor^ in mind that an initial decrease; in the diver- 
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genee of the leaves of a positively charged electroscope when 
a body is brought near, does not necessarily imply that the body 
is negatively charged for a similar effect is observed when the body 
is uncharged. 

To test whether a body carries no charge at al an attempt is 
made to charge an electroscope by induction : if there is no induced 
charge the body under test is uncharged. 

The Electrical Potential due to a Point Charge in Air, — Let 
g be a point charge situated at O, Fig. 36*4, and let P be the point 
at which the potential is required. Join OP and produce this line 

£ ■ T F, p^.,p„ 

^ ^ ^ 35 

Fia. 38-4. 



to infinity. Let Pj, P#, Pj, . . . P^_i, P^ . . . P , he points on 
this line at distances from O. Then 

Vp, the electric potential at P, is the work done against the field 
per unit charge in bringing up charge from infinity to P. Since 
the electric intensity, or force against which the work is done, is 
not constant between P and 00 , we have to proceed to calculate 
the work done as follows : — 


The electric intensity at P is at P^ it is ^ 


Now if rand 


do not differ by more than a small amount, the arithmetical mean 
of these two quantities will be equal to their geometrical mean, viz. 

J-. Hence the work done against the field in bringing the small 

charge dq from P^ to P will be 


ffi 


(fi - r). dq 




dq. 


Similarly the work done in moving the charge dq from Pg to Pi 
gj^L _ LJ, ^g. In general, the work done between two neigh- 

bouring points P„_i and P„ is S’ Consequently the 
total work, W, done in bringing the charge dq from oo to P is 

i _ lY-t. /! - lU . . .+^-1^ + . . ^ dq. 


w 


[(r-r.) + (r.-r,j + - 




dq. 

r ' 
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The work done against the field per unit charge is Vp. Thus 

< 5 ^ T 

The above result may be obtained with the ' aid of the ■ oaloulus as 
follows. , At a point Xj distance as from O where there is a point charge 5 , 
a 

the electric intensity is -r and is directed along OX, Let OX be the 

ir-axis and suppose a small positive charge is brought from infinity 
to X along this axis. If this charge moves from a point whose abscissa 
is 05 4 - ^05 to X, the work done per unit charge against the field by 
q 

the external agent is The mmus sign occurs since the distance 

moved is <505. The work done per unit charge in bringing the charge 
from infinity to P, (os = r), is 

j 00 

If there are several point changes, ^2 • • • the potential 
at a point P is ^ ^ for the contribution from each charge to the 

n = l ^ 

total potential is unafeoted by the presence of the other charges. 

If P and Q are two points in an electrostatic field having potentials 
Vp and Vq respectively [Vp > Vq (say)], then W, the work done 
by an external agent in moving unit-positive charge jfrom Q to P, 
is numerically equal to Vp — Vq. Since this value is independent 
of the potentials at points intermediate between P and Q it follows 
that the work done is independent of the actual path along whicfi 
the unit charge is transported. If this were not so, energy could 
be obtained by taking a charge along on© path and allowing it to 
return along another where less work was done when the charge 
was taken along it. This would violate the principle of the con- 
servation of energy. 

Also, since work == force x distance, the average electric 


Vp~-Vq 

PQ 


and is directed from P 


field strength between P and Q, is 

to Q if Vp> Vq.: 

If P and Q are neighbouring points at potentials V and V A V 
respectively and at distances r and r -f from an origin O in QP 
produced, then, if E is the electric intensity at P in the direction of 
r inoreasing,: 

E . Sr = work done per unit positive charge by an external 
agent in taking a small positive charge from P to Q. The minus sign 
occurs since the work is done by the field. But the work done by the 
external agent is equal to the inerease in potential in passing from 
P to Q, viz. 'fiV. ■ ■ 

W . 

1 . 0 . proceeding to the limit, E 



The expression measures the potential gradient at P in the 
direction of r increasing. 

Definition.— A surface in an electric field such that at every 
point on it the potential has the same value, is termed an 
equipotential surface. 

Since no work is done when a charge is moved along an eqni- 
potential surface, it follows that the lines of force must be perpen- 
dicular to equipotential surfaces. To prove this, let E be the 
electric field strength at a point on an equipotential surface. Let 
V be the potential and let E make an angle 6 with the tangent to 
the surface at the point considered. If ds is the small displacement 
of a unit positive charge from the above point to another on the 
same surface, the work done is 

E cos 9. as = 0 

smce aV == 0. If E is not zero, cos 0 = 0, i.e. 0 = g' 


Equipotentials due to Point Charges.— Since the potential 

at a point r cm. away from a point charge g is 2, it follows 

that the equipotentials wfll be spheres having q at their common 
centre. A picture of these equipotentials is obtained by giving 
q some fixed value, and calculating the 
values of r corresponding to different 
potentials. Thus, for a point charge 
q = m e.s.u., the equipotential 
y _ 20 is represented by a circle of 
radius = 2-6 cm. Mg. 36-5 indicates 
some of the equipotentials due to such 
a charge. It will be noticed that equi- 
potentials differing by the same amount 
are nearer together the more closely 
they approach the charge. Since 
[average] electric intensity = potential 
difference -r distance, it follows that 
the intensity is greatest where such 
equipotentials are nearest together. 

The equipotentials due to point charges q^ and q^ are obtoed 
bv drawing the series of equipotential surfaces due to each charge 
alone and drawing lines through those points which have the same 
resultant potential. 

Vwrrise — Constraot the equipotentials and lines of force due to 
ohS^ + 30 ^ - 10 e.s.u. at a distance apart of 6 cm. 



36‘5.— -Equipotentials due 
to a Point Charge. 
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The lines of force may be constructed by drawing curves cutting 
the equipotentials at right angles since the lines of force and equi- 
potentiais cut orthogonally, i.e, at right angles. 

The lines of force and the equipotentials for an insulated sphere 
under the influence of a charge on a small body are shown in Fig. 
36‘6. It will be noticed that the lines of force meet the sphere 
at right angles, and that the equipotentials and lines of force 
intersect at right angles, i.e. they cut orthogonally. 

[Although the lines of force and equipotentials have been drawn 
for a special instance, the nature of the curves is similar even when 
the shape of the conductor is more complicated.] 



Fio. 36*6.— Lines of Force and Equipotentials for an Insulated Sphere under 
the Influence of a Small Charge. 

Since the surface of the conductor is an equipotential with 
negative electricity on the side nearer the inducing charge and 
positive on the remote side, it follows that one of the equipotential 
surfaces must include the surface of the conductor itself. When 
only one Mnd of electricity is on a conductor, the equipotentials 
surround that conductor and one, of course, coincides with its 
surfsice. 

The Potential due to a Uniform Distribution of Electricity 
on a Sphere.— Let P, Eig. 36*7 (a), he the point at which the 
potential due to a charge of surface density a on a sphere of radius 
U' is required. : Let OP == r. If A and B are two points on the 
surface such that the angles AOP and BOP are 6 and 0 + dS respect- 
ively, 'the area of^ the ring^ traced out by AB when the figure 
is ; rotated ■ about ■ OP ' is • 2jsa sin 0 a 30. The charge on this is 
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2m % sin 6 ^05 and since each, point on this ring is at the same 
distance x from P, the potential at ' P dne to this charge is 
2m% sin 0 (50 a?, where = a® + — 2af cos 0. 

Hence aj:<5a; = ar sin 0.50. 




where Xi and are the values of x when 0 is 0 and n respectively® 
For a point outside the sphere = (r — a), ajg = (r + a), 

, ^ 27ma 4:7ca^a 

y ~ , 2a = 


or if q is the total charge on the sphere, 




Fig. 36‘7. — Potential dne to (a) a Charged Spherical Conductor and (6) a 
Charged Metal Disc. 


For a point inside the sphere iCj = £s — r, jt* = a + r, 


. 27taa ^ . 

, 2f = i^rcaa = 


r 

a ’ 


i.e. the potential inside a charged sphere is everjrwhere constant 
and equal to that of the sphere itself. This last result is very 
important for it is true for all closed conductors [of. p. 713]. 

Since V© = the electric intensity outside is — i.e., 

Kke the potential, it is the same as if the charge were concentrated 
at the centre of the sphere. Inside the sphere the intensity is zero, 
since the potential at points inside the sphere is constant and equal to 
that of the sphere itself. The result is true for all closed conductors. 


The Potential at a Point on the Axis of a Disc having a 
Uniform. Surface Charge of Density a . — The charge on a ring 
whose inner and outer radii are r and r + dr, Fig. 36*7 (6), is %<jf, dr. 

The potential at P due to this is since al points on the 
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ring are eqtuidistant from P. If a is the radios of the disc, we have, 

V - I ■ + «•) > - 4 


Since the diagram is symmetrical about the x - axis, the resultant 
electric intensity must be directed along that axis. Hence 

m ^ r a; 

dx L(ir® + #)^ 

When the disc becomes very large, i.e. a = oo, E = i.e, the 
electric intensity is constant. 

In this problem we have assumed that the electricity is confined 
to one side of the disc. We know that it is on both sides so that 
the total electric intensity due to a uniform distribution on a 
metal disc is 



B 
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The Action of a Condenser.^ — Let A be an insulated metal 
plate which has acquired a positive charge and a corresponding 

positive potential. A second 
insulated plate B is then 
brought near to A so that B 
becomes charged by induc- 
tion, the distribution of elec- 
tricity being as in Fig. 36*8 
(a). It is now necessary for 
us to consider the effect of 
B’s charges on the potential 
of A. The negative charge 
on B will tend to diminish 
the potential of A, whilst the 
positive charge on B tends to 
increase it. Although the 
two induced charges on B are 
equal in amount the negative 
charge on B will .have -a" 
greater effect on A than the 
positive charge will have, owing to the fact that it is nearer to A. 
Thus the sum total of the effect of B on A is to lower the poten- 
tial of the latter. If A is connected to some constant source 
of potential, such as a battery of electrio cells, then more 
electricity will flow from the battery to A In order to raise its 
potential to its original value V, 

When the plate B is connected to earth, Mg. 36*8 (6), there 
remains' only the negative charge' on it-~m magnitude i^ some- 
what greater than before, since the nearby positive charge which 


VE 


Fic, S6-8,— -The Action of a Condenser, 
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tended to diminisli it lias been removed.^ Tlie effect of this increased 
negative charge on A is to lower its potential again so that stUl 
more electricity flows from the battery to A. In other words 
the capacity of A for electricity has been increased. 

Such an arrangement as this, in which an earthed plate is used 
to enable a second,, but insulated, plate to acquire a greater charge, 
is called a plate condenser. 

The capacity, or capacitance, (C) of a condenser is a constant 
for that condenser and is defined as the quantity of electricity 
on the positive plate per unit potential di^erence between 
its plates. Thus, if Q is the quantity of electricity on the positive 
plate and V the difference of potential across the condenser, then 



Definition, — When one e,s.u. of charge raises the potential 
of a system by one e.s,u, of potential, the capacitance is said 
to be one e,s,u, of capacitance. 

To Investigate the Factors influencing the Capacitance of 
a Condenser. — ^It will be assumed that the condenser consists of 



Fig. S6*9. — ^Factors Influencing the Oapacitance of a Condenser. 

two metal plates, one earthed and the other insulated and con- 
nected to the cap of an electroscope. Suppose that the insulated 
plate is charged positively— the portion of the charge on the electro- 

1 An analogy from the theory of magnetism may , be useful here. It is 
difficult to obtain a strongly magnetized short needle because the two poles 
tend to neutrahze one,' a^ 
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scope is small and is not indicated quantitatively in the diagrani. 
There will also be an induced charge on the earthed plate, but when 
we speak of the charge on a condenser we imply the charge on 
the insulated plate : numerically, the charges are, of course, equal. 
Such a system is shown in Fig. 36*9 (a). If the distance between 
the plates increases as in Fig. 36-9 (6), the angular separation of 
the leaves increases, i.e. the potential difference across the condenser 
has increased. Since the charge on the condenser has remained 
constant it follows that its capacity has diminished. If the plates 
are brought closer together the leaves tend to collapse, showing 
that the potential difference is less and the capacitance greater. 

Suppose now that we have two condensers, the distance between 
the plates being constant but their areas different, the electroscopes 
to which they are connected being identical. Let equal charges 



Fig. 36*10. — Action of a Dielectric (Insulator) on the Capacitance 
of a Condenser. 


[cf. p. 677] be given to each system. The electroscopes will indicate 
that the potential of the (c) system is the greater, i.e. the capacity 
of (d) is greater than that of (c). 

It now remains to examine how the capacitance of a condenser 
depends on the nature of the medium separating the plates. The 
insulating medium separating the plates of a condenser is referred 
to as a rfielecMc— in the above the dielectric has been air. In 
Fig. 36d0 (a) the potential of a condenser is demonstrated by the 
divergence of the leaves of an electroscope. In 36*10 (6) a slab of 
insulating material, parajQSn wax, ebonite, or glass, has been intro- 
duced between the plates.' The leaves suffer a diminished diver- 
gence, showing that the potential of A has fallen. If A were 
connected to a source of constant potential then more electricity 
would flow to A, i.e. the introduction of the dielectric has inoreased 
the : capacitan^ 
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The 'Electrostatic Capa of a Sphere In Air,— We have 

seen that the potential at a point in air (strictly in a vacuum) 
outside a charged sphere is equal to the charge on the sphere divided 
by the distance of the point from the centre of the sphere. The 
■potentiaiat a point' on its surface due to the charge on' the surface 

is therefore where a is the radius. There is also a charge — q 

at infinity, but its contribution to the potential of the sphere is zero. 

The total potential is therefore The capacitance of the sphere 

is therefore = a, i.e. the capacitance of; a sphere expressed in c.g.s, 

electrostatic units of capacitance is numerically equal to its radius 
in centimetres. 

Experiment. — A, Fig. 36*1 1, is a glass tube to which is attached a short 
metal tube B. C is a Woulfs bottle containing a small quantity of 



Fig. 36*11. — To sliow that the Oapaoitanc© of a Sphere increases 
with its Badius. 


phosphorus pentoxide so that its interior shall be dry— to diminish 
the natural leak of the apparatus. B is a tube leading to a bicycle 
pump. B is joined to the disc of a gold-leaf electroscope E. A small 
soap bubble is blown at the end of B, and B is charged with electricity. 
The leaves of the electroscope diverge. When the bubble — shown 
dotted — is enlarged by forcing air into the apparatus the divergence 
of the leaves of the electroscope diminishes showing that the potential 
of the system has decreased — because its capacity has increased. If 
the air in C is allowed to escape, the bubble contracts and the 
divergence of the leaves increases. 

The Capacitance of a Concentric Spherical Air Condenser. 
— ^Let A be a metal sphere and B a concentric spherical conducting 
shell connected to earth. Let a be the radius of A, and b the 
radius of the interior surface of B, for it is upon this surface that 
there will be an induced charge. Let Q be the charge on the inner 
sphere : suppose that is the charge induced on the inner surface 
of the outer conductor. The potential of B due to the charge on 

G 0 


T'W 


692 


MAGNETISM AND ELECTEICITY 


A is ~ since, ^ at external points, the oharge on a spherical conductor 
acts as if it were concentrated at its centre ; its potential due to 
its own charge is so that its total potential is — + ^ and this 

is zero since the shell is earthed. Hence = — Q. Now the 
potential of A due to its own charge is But the potential at all 

Q 

points inside B, due to the induced charge on its interior, is — 


Hence the actual potential of A is Q 


e-g- - 


Since the outer 


sphere is earthed this expression gives the potential difference 
between the two spheres. The capacitance is therefore 


fi-il 


The Capacitance of a Parallel Plate Air Condenser.— When 
the radii of the above spheres are nearly equal, i.e. 5 a = t, where t 

is small compared with a or 5, the capacitance becomes y = — ~ 

== 7” approximately. The capacitance per unit area of the condenser 
t 

/a^\ 1 

is therefor© a result independent of the radii 


of the spheres providing they are large compared with L 
When the radii of the spheres become very large and we 
consider unit area of the condenser, we may regard this as a con- 
denser formed of two parallel plates each of unit area. Hence, 
if we have a parallel plate condenser formed by two very large 
plates each unit area of this condenser will have a cajjacitance equal 

to where t is the distance between the plates. If A is the area of 

A 

each plate the capacitance of the whole will be This result is 

only true if if is small compared with the linear dimensions of the 
plates for it is only then that the lines of force are normal to each 
plat© — in the spherical condenser considered above the lines of force 
are radial and therefore normal to the surface of each sphere. If 
t is increased the lines of force bulge outwards near the edges, an 
effect which increases with and the simple theory developed 
above is not apphcable. ■ \ 

Condensers in Parallel and in Series.-— To connect condensers 
in parallel their positive plates are joined together ; likewise their 
negative plates. If we represent a condenser in the conventional 
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way by two equal . straight' lines, then Eig. 36*12 (a) . shows, three 
condensers in parallel. If Ci, Cg, and Cg are the capacitances of the 
condensers, and and ^3 the charges on them when they are 

in parallel, while . v is the, common potential difference '' between 
the coatings of each condenser, then 

V _ ga ■_ g3 ^1 + ^2 + gs 
^1 CJg C3 Cj + C2 + C3 

But since + q^ is the total charge on the compound 

condenser it follows that the capacitance of the latter is giTen by 



Fig. 36-12. — Condensers (a) in Parallel and (&) in Series (or Cascade). 


By referring to Fig. 36*12 ( 6 ) we see how three condensers are 
arranged when they are in series. In this instance g is the 
numerical value of the charge on each plate. Let Vi, V 2 , and V 3 be 
the potential differences between the plates of the condensers. Then 

V, _L 4- Vo 

q = c,v, = c,v, = C3V3 

Ci + ^ + G3 

But Vi + Vg + Vg is the total potential difference, V, between the 
extreme plates of the compound condenser. Hence 

g-C(Vi + Y2 + V3), ^ 

I 1 I 1 

where C is its capacitance, so that ^ 

L Oj O2 O3 

Dielectric Constant.— When an insulator (or dielectric) is 
inserted between the plates of a condenser it has been shown that 
the capacitance is increased. If the dielectric completely fills the 
space between the plates of the condenser, then it is found that 
the ratio 


Capacitance of condenser with a dielectric 


; constant (k)* 


Capacitance of same condenser in air . 

This constant . is known the specific inductive capacity, 
the dielectric constant, or the permittivity of the insulator with ■ 
reference to air, whose dielectric constant is unity for all practical 
purposes. 
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: ' The: Leyden Jar« — ^The Leyden, jar, so named after the city, 
where it was invented, is a common form' of :■ condenser. In its 
usual form it consists of a glass jar lined inside and out to perhaps 
three-quarters of its height with tinfoil. A brass knob, Eig. 
36-13 (a), is attached to one end of a brass rod passing through 
a wooden lid fitting the mouth of the jar. This wood is well covered 
with shellac varnish to improve its insulating properties. Electrical 
oommunication between the knob and the inner coating of the 
jar is made by a short length of brass chain hanging from the 
lower end of the rod. 

The outer coating of the jar is earthed. Hence, when the knob is 
connected to a source of positive electricity a positive charge 
is acquired by it and the inner coating of the jar. This charge 
acts inductively on the outer coating, and since this is con- 
nected to earth, a negative charge is retained by it. Such a 
jar may be regarded as a plate condenser with glass as the 
dielectric. 

Let A be the height of the tinfoil, r the radius of the base, and 
t the thickness of the glass. Then the condenser consists of two 
condensers in parallel [cf. p. 692] — 

(i) the cylindrical condenser of area 2m'h, thickness t, 

(ii) a parallel plate condenser of area thickness i, the dielectric 
constant of the medium between the plates being k in each instance. 

The total capacitance of the jar is therefore 



if end effects are neglected. 

The advantage of a Leyden jar is not that its capacitance is large, 
it is not, but that it will withstand large potential differences with- 
out breaking down, i.e. its dielectric is not punctured easily. 
Moreover, its capacitance does not fluctuate. In order to render 
the dielectric less susceptible to the formation of a puncture when 
there is a high potential difference across it, the glass must be of 
a good quality— air bubbles in the glass must be avoided since 
they diminish the mean dielectric strength of the glass (see later). 
Moreover, the outside of the jar should be coated with shellac 
varnish to reduce the leakage of electricity over the surface by 
retarding the deposition of moisture and permitting dust to be 
removed easily. Both dust and moisture increase the rate at 
which electricity leaks across a surface. 

Glass is not punctured easily by an electric spark passing through 
it when placed in a strong electric field, because it possesses great 
dielectric strength, the latter being defined as the volts per cm. 
of thickness necessary to cause a breakdown in the material by 
sparking through it. [1 volt = ^ e.s.u. of potential difference.] 
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TaBLB OV DiEMOmiO SmBKGSHS 


Material. 

Dielectric strength in volt . 

i ■ ■ 

■ ■ 1 

Ebonite ' ' , . ' . . .■ 

500,000 

Glass , , ^ . 

300,000 

' Mica , . . • . • ■ . 

600,000 

Paraffin oil . . , , 

80,000 

Air (S.T.P.) •. . . . .. . . 

40,000 


Since the dielectric strength of a material is not a constant, hut 
decreases with increasing thickness, the above table is not complete 
without the statement that the thickness of the substance when 
the above tests were made was 1 mm. 

[Strictly speaking, the above definition of dielectric strength is 
not exact, since it is found that the facility with which a break- 
down occurs depends on the curvature of the terminals between 
which the electric field is produced.] 

From the above we see that although the capacity of a Leyden 
jar may be increased by decreasing the thickness of the glass, in 
practice, this thickness is seldom less than 2 mm. owing to the fact 
that thin layers are more readily penetrated by an electric spark, 
and, of course, a thin- walled jar is more easily broken by accidental 
mechanical shocks. 


Other Types of Condenser, — For condensers of the order of 
magnitude 1 /fiF, i.e. 1 microfarad [cf. Chap. XLVI], mica is the best 
material to be used as the dielectric. It may be split into very 
thin sheets since the material has a natural cleavage plane, and 
it has good mechanical properties. The sheets are assembled with 
pieces of tinfoil interposed between adjacent mica sheets. The 
alternate sets of tinfoil are soldered to copper leads connected to 
well-insulated terminals, and the whole covered with hot melted 
paraffin wax free from moisture. As soon as possible the condenser 
is sealed in an air-tight case : otherwise the paraffin absorbs water 
and the insulation resistance of the condenser is impaired. 

If there are (N + 1) metal sheets in a condenser of this type, 
then the number of slabs of dielectric in a state of electrical strain 
is N : thus the capacitance of the condenser will be N times that 
of a * single component i.e. 


^ /cAN 


where the symbols have their usual significance. 


Example.-— If N = 21, A = (18 x 10) cm.^ t = 0*2 mm. and /c = 6;28, 
then' . . 


6*28 X 180 X 20 
4 X 3-14 X 0-02 “ 


9 X 10^ e.s.u. 
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In: tlie practic?,al unit of capacitance . [g£ Chap.. XVLI], this is 


9 X 10^ 
9 X 10^ 


li¥ - 0-1 /iE. 


The variable oonden.sers which are employed for wireless purposes 
consist of two sets of brass or aluminiiim plates. The fixed : set 
are :semicirciilar in shape ; the moving plates are shaped Ike a cam 
[f.e. haM a heart] and operated by the knob A. The fixed plates 



"'"M ■ ■ ■ 

A Leyden Jar. ' ■ A .Continiionsly Variable Condenser 
.with Vernier Adjustment. 

Fig. 36 aS. ' 

are al comiected;'fe terminal, C, of the condenser, and the 
set '/of 'moving: plates to the other terminal, air being the 
dielectric [cf. Fig. 36-lS (6)]..;;V is a ‘vernier/ i.e. a small 
condenser in parallel with the condenser and operated by turning 
''thev'knob B.' 

Boxes ' of Standard Condensers. — ^Various devices are used in 
practice for connecting condensers, either in parallel or in cascade 
(series), when the condensers are mounted in box-form. In the 
first arrangement, Eig, 86*14 (a), A, B, C, D, E, and E are brass 
bars outside the box and connected to the condensers as shown. 
X and Y are two brass bars placed at right-angles to the others. 
Plugs inserted iii tapering holes a — /and ax— fx enable X or Y 
to be put into connexion with any of the other bars. Such an 
arrangement enables the component condensers to be connected 
in parallel or in cascade. Ti and Tg are terminals. 

Let ns suppose that plugs, represented by the black dots, have 
been inserted as shown. Then the condensers between A and B, 
and E and E are out of action, while the condenser between B and 
C, is in parallel with a condenser consisting of the condensers between 



(C i- H 7 f 2 5 (tiF) io\ Y c; 


Fig. 36*14, — Boxes of Standard Condensers. 


j If the six plugs belonging to this box are arranged so that A is 

connected to X, B to Y, C to X, etc., they are said to be staggered 
and the combined capacity is 1*9 

Precautions should be taken never to arrange two plugs so that 
any bar, such as D for example, is connected both to X and Y at 
the same instant when Ki is closed. 

Another method of mounting condensers in box-form is indicated 
in Fig. 36*14 (6). In this method the individual condensers may 
only be arranged in parallel. The internal connexions are shown 
' in the diagram. When a plug is inserted in the hole y, the con- 

denser R is short circuited since both sets of plates are connected 
to X : when plugs are placed in the holes cci, jS, y, di, and the 
condensers P, S, and T are in parallel, the total capacitance being 
P + S + T = 16 /«F, if the individual oondeiasers have the capaci- 
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tances mdicated;^ W this box is in use, al the plugs should be 
inserted in one or other of the holes so that even the condensers 
which are not in the circuit shall be definitely short circuited. 
This prevents any indefinite inductive action between the charges 
on the condensers in use and the other condensers, Tj and 
are the terminals, apd the condenser is charged and discharged 
as in the previous arrangement, 

A Guard-Ring Condenser. — precision type of guard-ring 
condenser of the parallel plate type is shown in Fig, 3645. AB 
is one plate of the condenser, BE the other, and this is surrounded 
by the guard-ring GG. The ring forms part of a cylindrical box 
and the plate BE is insulated from the rest of the box by the 
quartz insulators QQ. The annular space between BE and G is 
very small. AB is earthed, while BE and 6 are connected to 



the same source of potential, the connexions to each then being 
broken. If 2f is the diameter of BE and 2fi that of the aperture 
in G, J the distance between the plates, the capacity, G, of BE 
and the portion of the plate AB directly in front of it is given by 
the relation 

C==^(mean area of plate BE and the aperture in G) 

4 - ^ 1 ^ , 

■ 2 . :,v , St . ■* 

The advantages of this tjipe of guard-ring condenser are— (i) that 
the whole of the charge on BE resides on its outer face, and its 
inner face is screened from outside charges, (ii) the portion of the 
field between BE and the other plate of the condenser is uniform. 



' POTENTIAL AND CAPACITANCE m 

„ The Potential Energy of a Charged'^ Condenser.— Let ns 
suppose that a condenser has a charge Q and that '¥ is thepotential 
difference between its plates. The potential energy of such a charged 
condenser is ■ equal to the ' ' work ' 
done in bringing up the charge 
Q from infinity so that the final 
potential is F. This must not be 
confused with the potential at a 
point, which is numerically equal 
to the work done in bringing up 
unit-positive charge to the point 
in question. Suppose that the 
condenser is charged by bringing 
up small charges in succession. 

Then since the potential of a 
conductor is proportional to the 
charge on it provided it is at a 
great distance from all other bodies, the co-ordinates of any point 
on the straight line OV, Fig. 36*16, represent the charge and cor- 
responding potential of this conductor at a particular instant. Let 
L be such a point. In bringing up a small charge so that the 
charge is increased from OA to OB, the work done is LA . AB 
which, when AB is small, is equal to the area of the trapezium 
XMBA. Similarly the area of the trapezium MNCB gives the 
work done in bringing up the next small charge. , The total work 
done in bringing up the charge Q is therefore given by the area 
of the dOQV. Hence the potential energy, W, of the charged 
conductor is |QV. Since Q = CV this equation may be written 

W = or W == ICV^ [Cf. Chap. XLVI, for note on units.] 

Alternative Proof, — ^Let us suppose that at some instant there is a 
charge q on the conductor and that its potential is v. If a charge 
is then added, the work done against the field is v,dq, for the 
potential may be regarded as constant. Hence, W, the total work 
done against the field in bringing up the charge Q, is given by 
|*Q rQ ^ a2 

If V = “ is the final value of the potential of the charged conductor, 
we^ have; . 

w = 4^';= 4QV = jcv^. 

This work measures the potential energy of the charge on the con- 
ductor and appears as some other form of energy when the condenser 
'■iS":earthed. 
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Loss : of 'Energy on Connecting Two Charged 
:'-densers ' in^ ;P — If two condensers of capacity Ci and Cg ' 

respectively and having charges Qi and Qa are conneoted in: parallel , 
there is no: loss of charge and the potential difference between the 
plates of each condenser has the. same final value. The following 
■analysis': shows, however, that there is a' loss of .potential energy. 
This appears as the energy of the spark in the form of light and 
sound energy, which is finally converted into heat energy. Before" 
'Connecting the condensers in parallel the total energy is 

c- 


After connecting them it is 


(Qi + Qb)" 




+ 


0. 


Cx + C^ 

(Qi "f ~ Q a)^ 

Cj + 62 


]= 


Hence the loss in energy is 

x(QiC, - QA)® 

■^CAA + Oaj- 


There will therefore be no loss in potential energy if QiC 2 — Q 2 C 1 == 0 


or 


Qi Qa 


— i.e, if the two condensers are at the same potential 

L/j L >2 

before they are connected in ‘parallel. 


Example,— A Leyden Jar has a diameter 104 cm., while the glass 
is 0*26 cm. thick. If the height of the cylindrical coating is 20-5 cm. 
and the dielectric constant of glass is 6 calculate its capacity. 

This jar may be regarded as a plate condenser the area A of wMoh 
is equal to the sum of the areas of the base and sides. Hence 


A ~ [^t X (5*2)®] -f [2 X X 6*2 X 20*5] cm.® == 51 X 240*2 cm.®. 
Hence 

kA 6 X 240*2 

^ “ 4 ~ e.s.u. = 1*6x10“* microfarad [cf. Chap. 

XLVI]. 


Two condensers of capacitance 30 and 23 e.s.u. respec- 
tively have charges -f 8 and — 6 e.s.u. Determine the loss in 
potential energy when they are conneoted in parallel. 

Total energy before connecting = | + |- .|f — 1*85 ergs. After 

connecting the total charge is -f 2, while the" total capacity is 53 cm. 
The energy is then h . = 0*04 erg. The loss in potential energy 

is therefore 1*81 erg. > 


The Seat of Electrical Energy.— Feanklik discovered by 
means of the following experiment that when, for example, a 
Leyden jar is charged the electrical energy is stored in the glass. 
The type of jar he used had detachable coatings as illustrated in 
Fig. 36*17. The jar is assembled and then charged. If the inner 
coating is removed with the aid of insulated tongs and the glass 
carefully lifted out no charge will be found on either of the coatings. 
Yet when the parts are reassembled a vigorous spark is obtained 
when the inner and outer coatings are joined together. This indi- 



701 


CAPACITANCE 

cates that the. energy is stored in the dielectric [glass] between the 
metal /coatings,: The glass is said to' be strained (eleetrieaily). If ' 
the' glass wall of a Leyden jar is thin and the charge^ high the 'strain' 
in' the glass: may become so great that' the glass' 'fraetnres, 

\j\jt] 

Outer Glass Inner 

Coating (dielectric) Coating 
Fm. 36- 17.— Leyden Jar with Detachable Coatings. 

The following experiment shows that the electricity does not 
reside on the surface of the glass : while the jar is dismantled 
X-rays are allowed to fail on the glass — ^X-rays are able to remove 
surface charges. Yet when the Jar is re-assembled a spark is 
obtained when the inner and outer coatings are joined together. 

The Residual Charge.— :The fact that the dielectric of a con- 
denser is strained accounts for the following phenomenon. If a 
Leyden jar is allowed to rest after being discharged and its coatings 
then brought into conducting communication by means of dis- 
charging tongs, a spark will often pass. This is because the glass 
does not recover itself at once after being strained. 

The Action of Points.— In an earlier chapter, cf. p. 675, it 
was shown that the surface density of electricity on a conductor 
is greatest where the radius of curvature of the surface is least. 
When the radius becomes very small there is a " point ’ on the 
conducting surface and it is here that the surface density of the 
electricity is greatest and may reach a high value. Experimentally 
it is found that an insulated conductor with a point on its surface 
rajndly loses its charge, a fact first noted by FuAisrKLm. The 
reason for the above loss is that those air particles which come into 
contact with the point acquire a similar charge— it is taken from 
the point — -and are then repelled. Of course this electrification 
by ' direct bombardment ’ takes place at all portions of the surface, 
but more air particles are likely to acquire a charge at those ]3ortions 
of the surface where the density of the charge is greatest. If the 
conductor is connected to a Wimshurst machine [cf. p. 736] the air 
molecules are re|)elled so violently that a wind is produced. This 
wind may he sufficient to extinguish a lighted candle. 

Franklin also demonstrated the action of points by connecting 
a smafi ‘ wind-mill ’ to an electrostatic machine. This mill con- 
sisted of several wires attached radially to a metal axle, the whole 



being placed on a pivot. The ends of the wires were all bent to 
point in a clockwise-direction, say ; it was found that the mill 
rotated in an anticlockwise direction when it was charged con- 
tinuously. This.^apparatns is a' simple reaction tnrbine whose 
motion, is produced by the repulsion of charged molecules of the 
■constituents of air away from the several points. " 

' Points also enable electric charges to be removed from charged 
conductors without any actual contact between the point and 
conductor taking place. Suppose A, Pig. 36*18 (a) is a charged 
conductor. When an uncharged conductor B, with a point on it, 
is placed as indicated near to A induced charges appear on B and 
are distributed as shoTO in Fig. 36*18 (5). The negative charges 
at the point are acquired by the air molecules as they come into 
contact with this part of the conductor and then, being negatively 



charged bodies, are attracted to A so that part of the charge on A 
is neutralized. This continues until A and B are at the same 
potential when it is found that A has lost its charge almost com- 
pletely® and there is a large excess positive charge on A — cf. 
Fig.'36*:18.''(c).':^''' 

In addition it must be remembered that in the vicinity of a 
point the strength of the electric field is high so that the gas becomes 
ionized, i.e. there are created in the gas positively and negatively 
charged systems known as gaseous ions. These consist of atoms 
which have gained or lost an electron. The positively charged 
ions are attracted to the point and neutralize some of the negative 
charge on it : the negative ions move towards A so that it, too, 
loses some of its charge. Thus at least two processes may be at 
work whereby the charge is transferred from the body A to another 
conductor with a prominent point or ‘ spike * on it. ,, 

The action of a lightning conductor is due to the discharging 
action of the points at its top. When a cloud, generally with a 
positive charge on its lower surface, appears over any particular 
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region of tiie eartli's surface a negative charge will be induced on the 
earth. A large potential difference -will be established between 
earth and cloud. When this p.d. is sufficiently large the msulation 
of the air breaks down and a discharge — ^the so-called lightning 
flash — occurs. If, however, there is present in the region below 
the charged cloud a building provided with a lightning conductor, 
the density of the negative electricity will be greatest at the tip of 
the conductor. This negative charge is removed by the air mole- 
cules which, when charged, move towards the cloud and neutralize 
a portion of the charge on it. In this way the cloud is discharged 
continuously and the potential difference between cloud and earth 
is kept low so that no visible discharge occurs. 


EXAMPLES XXXVI 

1. ^ — ^A spherical conductor has a charge of 843 e.s.u. when its 
potential is 250. What is the radius of the sphere ? Assuming the 
charge to be distributed umformly over the surface, calculate the 
charge per unit area. 

2. -— Two spheres of radii 3 and 5 cm. respectively are each given a 
charge of 30 positive units. If the spheres are then connected by a 
wire, calculate their common potential in e.s.u. and in volts. 

3. — ^A condenser of capacitance 84 units has a potential of 2000 e.s.u. 
When its charge is shared with a spherical conductor the potential is 
1500 e.s.u. What is the radius of the sphere ? 

4. — ^A soap bubble has a charge of 64 e.s.u., its radius being 8‘6 cm. 
What is the change in potential when the radius is increased by 1 cm. ? 

5. — ^Define electric potential and explain how it is measured. How 
would you show experimentally that it is possible for parts of the same 
conductor to be oppositely electrifled and yet at the same potential ? 

6. — What is implied by the statement ^ the dielectric constant 
(specific inductive capacity) of glass is 6 and that of ebonite is 2 ’ ? 
Describe how you would compare the dielectric constants of glass and 
ebonite if these substances were available in the form of sheets each 
2 cm. thick. 

7. — Explain why a ‘ Leyden jar * is described as a condenser. Two 
insulated metal plates 20 cm. in diameter, having opposite charges of 
5 electrostatic units each, face each other across a layer of air 2 mm. 
thick. Calculate the potential difference between them and the 
electrical energy of the system. 

8. —Describe how you would investigate whether the electrical 
capacitance of an insulated conductor depends upon other bodies in 
its neighbourhood. 

9. — Calculate the capacitance of a parallel plate condenser, the medium 
between the plates being uniform and having a dielectric constant k. 
If such a condenser has a charge 50 e.s.u. calculate the energy dis- 
sipated when its plates are connected together, if each plate has an 
area 20 cm. ® and that the interval between them is 1 mm. Assume 
;'K'to. be/ 2*5., 

10. — ^What is meant by electrostatic potential ! Define the unit in 
which it is measured. Show that the capacitance of a parallel plate 
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kA 

condenser is giTO approximately by th© expression where A is 

the area of each plate, d' their distance, apart, and the specific; inductive 
' capacity of the medium between the -.plates. • Why is^ the ■ expression 
.approximate .only ? , 

' the electrostatic units of quantity, potential /difference, 

'and capacitance. Obtain expressions' for the capacitance of (a) an 
isolated sphere, (6) a parallel plate condenser. 

12. — An insulated, metal sphere is placed between, and near to, two 
similar spheres, one 'of which is positively charged and the other earthed. 
Draw a diagram illustrating the distribution of the lines of force, and 
discuss the potential of the difierent parts of the system. 

13. — Define electric potential and explain what is meant by an equi-- 
potential surface, A charged sphere is placed near to an insulated 
uncharged sphere of the same size. Draw a diagram illustrating the 
positions of equipotential surfaces. 

14. — What is meant by the electrical capacitance of a system t How 
would you investigate the effect on the capacitance of a parallel plate air 
condenser of (a) increasing the distance apart of the plates, (6) filling 
the space between the plates with paraffin wax instead of air ? What 
results would you expect to obtain t 

15. — -Describe a Leyden jar and derive an approximate expression 
for its capacitance. If you were provided with two such jars, a source 
of constant potential, and a gold leaf electroscope, how would you 
determine which jar had the greater capacitance ? 

16. — A condenser of capacitance 10 microfarads is charged so that the 
potential difference between its terminals is 60 volts. The terminals 
of an uncharged condenser of capacity 2*6 microfarads are then con- 
nected to those of the charged condenser. Calculate : (a) the energy 
in the larger condenser before it is connected to the smaller ; (b) the 
potential difference between the terminals of the combination ; (c) the 
sum of the energies in the two condensers after they are connected to 
one another. (N.H.S.G. 29.) 

17. — Find expressions for the electrical capacity of a sphere of radius 
r, and of a condenser the plates of which are concentric spheres of radii 
r and (r -- t). Hence find the capacitance per unit area of a plate con- 
denser of thickness t, the dielectric being air in each case. (L. ’24.) 

18. - — A spherical air condenser consists of an insulated metal sphere 
of radius 3 cm., surroimded by a concentric hollow metal sphere of 
internal radius 4 cm. and external radius 5 cm. If a charge of 100 
e.s.u. is given to the imier sphere calculate the potentials of each 
sphere when the outer one is (a) insulated, (6) connected to earth, 
(L. ’30.) 



CHAPTER XXXVn 

' r THEORY OF ISOTROPIC ' DIELECTRICS ■ ; 

, ■ The Experimentai Basis for the Theory.^ — Let us suppose that 
we have two condensers geometrically alike, but that on© is filled with 
an insulating material such as sulphur. If both are charged by being 
connected to the same high potential battery, as suggested in Fig. 37-1, 
and then discharged in turn 
through a ballistic galvanometer, 
the throws of the galvanometer 
are not equal, but their ratio is 
constant however the potential 
difierence common to each con- 
denser is varied. The ratio of 
these tlirows is numerically equal 
to the dielectric constant or 
dielectric coefficient or permit- 
tivity of the insulator. It is also 
equal to the ratio of the capacity 
of the condenser with the dielec- 
tric to that of the condenser with 
air (strictly a vacuum). [We 
assume that the condensers are 
long and narrow in order to 
render the end effects negligible.] 

If d is the distance apart of the plates in each instance, Vj and Vg 
the potentials of the plates of the condensers, then 

' ' ■ .. 

is the same for each. For the air condenser this expression measures 

the electric intensity in the electric field 
between the plates. What does it measure 
when the space between the plates is filled 
with an insulator ? Before this can be 
answered the following digression is 
necessary. 

Electric Doublets or Electric Di- 
poles . — If two electric charges, equal in 
magnitude but opposite in sign, eoincid© 
at any point, the electric Mtemity due^ t 
these charges in the space round them 
must vankh. „ If, however, the '' Charges 
suffer a small relative displacement any 
other charge introduced in the region round 



-q 

Fig. 37*2. — Potential at a 
Point in Air due to an 
Electric Dipole. 


li v; 



Fig. 37* 1 . — Geometrically Identical 
Condensers with and without a 
Dielectric. 
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them, experiences a mechanical, force, i.e. there is an electric field: of 
sensible magnitude in the neighbourhood of the two charges. Such a 
combination of eleetric charges is termed bh' electric doublet or dipole^ 
We shall see later that the molecules of substances such as ammonia, 
NHg, water, HaO, and chloroform, CHCl 3 , are permanent dipoles; 
other molecules such as those of. methane, CH 4 , argon, A, oxygen, 0 2 , 
etc. are not permanent dipoles : they are said to be non-polar. 

The Electric Field in Free Space due to' a Dipole.— Let OQ, 
Fig. 37 ’ 2 , be an eleetric dipole. Let OQ = 21, Consider the poten- 
tial, Vjp, at a point P in free space distance from Q and from O. 
Then, 

Vp ,= ^ == ^1" — / — n l, [if OQ is small.] 

^ fj fg ~ 2 cos 0 r + Z cos 0 -i’ ^ 

aMeosB g.OQ cos 0 _ ,, , .. 

~ ~ — — == j [if I IS small compared with r.] 

cos 6 
72 » ' 

if /I “ g.OQ, the so-called electric moment of the dipole. 

The electric intensity in the direction of r increasing is 

0 Vp _ 2 jucos 0 

% dr 

The field at right angles to this and in the direction of 0 increasing is 

1 0 Vp /I sin 0 
r 00 ** r® * 

Electric Polarization. — According to modern electrical theory an 
atom in its normal state is a configuration of electrons (negative charges) 



Fig. 37*3. — Electric Moments of Atoms. 


surrounding a relatively massive nucleus carrying a positive charge 
numerically equal to the total charge of the electrons. Hence, as a 
whole, the atom is uncharged. For the present w© shall adopt the 
‘ static ’ atom, i.e. we shall consider the electrons to be stationary 
relative to the nucleus. Sine© the total charge of a noimal atom is 
zero, we may pair off each electron with an equal positive charge on 
the nucleus and regard each normal atom as an assemblage of electric 
doublets. On the whole the total electric moment is zero. It is known 
that a carbon atom has six extra-nuclear electrons and a corresponding 
positive charge on the nucleus. If we imagine the electrons to be 
coplanar, then the electric doublets formed in the manner described 
above are as indicated in Fig. 37*3 (a). When the above configuration 
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of charges is subjected to an electric field, the negative charges are 
displaced, relative to the nucleus, as in Fig. 37-3 (6). Now an electric 
moment is a vector represented by the straight line joining the charges. 

Hence, like any other vector quantity, it may be resolved into com- 
ponents. The resolved components in the present instance in the 
direction of the field and perpendicular to it are indicated by the 
dotted lines. These show that as a whole the atom has acquired an 
electric moment in the direction of the field. When the above occurs 
with each of the constituent atoms of a dielectric, the medium of the 
dielectric is said to he polarized. 

If w© take a microscopic view of a dielectric and imagin© a being 
sufficiently small to wander in and out among the atoms and to be 
provided with suitable measuring instruments, then such a being would 
be able to detect variations in the electric field in the space between | 

the different electric charges. Actual instruments are only able to , ! 

detect the combined effect of an exceedingly large number of atoms !• 

and their charges, and cannot reveal the changes which do occur ! 

locally in the medium. Such instruments only indicate mean values. * 

In an unpolarized medium, if w© assume a chaotic arrangement of . | 

atoms, the resultant electric moment per unit volume must be zero. j 

When a dielectric is subjected to an electric field there is a tendency for i 

each atom to acquire a resultant electric moment in the direction of the I 

field, i.e. there will be a finite electric moment per unit volume. This is 
termed the polarization of the medium and is denoted by the letter P. ' 

So far, reference has only been made to atoms or molecules which 
become polarized when acted upon by an external electric field. There 
are substances, however, whose molecules are permanently polarized 
— -the case is analogous to that of paramagnetism — and the effect of 
an electric field is to cause the molecules of such substances to align 
themselves with their axes parallel to the direction of the field, in 
addition to a change in the electric moment of each atom due to the 
displacement of its electrons relative to its 
nucleus. Later on, w© shall see how ex- 
periment is able to discover the type of 
molecule present. 

Now let us consider a small element of 
a polarized medium; let (5Z be the length 
and da the cross-sectional area of this 
element, see Fig, 37-4. Although^ this 
element is small it must still be sufficiently 
large to contain a large number of atoms 

so that the resultant electric moment of aU the atoms in this element 
is parallel to the length of the element which is supposed to be in 
the direction of the applied electric field. The electric moment of 
this element is by definition P.^a.(5L Now this moment may bo con- 
sidered to arise from charges numerically equal to on the ends of 
the element. Its moment is then Equating these two ex- 

pressions for the electric moment of the element, w© have 




^ dq 

“ ^ da ~ ds 


Bence P, the polarization of the medium, is equal to the surface 
density of the electrification arising on the ends of an element 
such as that we have considered. 



708 : : m Iijictricity : 

, :'Electric Displacement or Electric Indiiction**— Let tis : consider 
:eross-seo area ;'of a parallel . plate condenser, (i ) when; the 
medinni' is :air, (ii) when; the medium has a dielectric/oonstant ic^ 

V : is the difference in potential between the plates, and ctj the surface 
density of the electrification, then 

■ . ' . « , (i) 

in the first' case. 

Now insert the medium of dielectric constant 'ic between the con- 
denser' plates, the p.d. across the' condenser being maintained' equal 
to 'V. Then in theory and in practice ' (even with gases) an extremely 
narrow gap is left between the surface of the plates of the condenser 
and the boundaries of the medium. Owing to the polarimtion of the 
medium we get charges of surface density ± P at its boundaries, the 
charge due to polarization at the boundary near the positive plate 
of the condenser being negative, and vice versa (Fig. 37 -5) . The charge 
— P induces an opposite charge + P on the positive plate of the 


U/iit area Unit area 



Fig. 37*6. — Electric Displacement. 


condenser, so that the surface density of the electricity on the positive 
plate is now given by 

as CTj "t" T* 

But experimentally ==> ko j. Hence 

KOj .= Gj 4- P . . . , (ii) 

From (i) we have 

JL p . 

or « «= 1 “f 

p Polarization 
Applied field J 

1 + ^TiK . . , . * . • (iii) 

' where;: k == .P/E, :';the a'lec^rlG : susceptibility of the medium.' 

We also have, by muitiplymg (iii) throughout by E, 

kE «'E.:*f:'47iP, 

The quantity B + 4;?rP is termed dielectric displacement or electric 
induction in the medium, and is denoted by D. Hence 

■ ■ D, '.''(iv). 
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. To see how ID may be maasured numericaliy,' consider a needle-shaped 
cavity ABy Fig. 37*6' (a), in an 'insulator, the axis being drawn in 'the 
direction of the applied field. We assume the medium to be uniformly 
polarized, i.e. P is constant. If a is the cross-sectional area of this 
cavity, the charges developed at its ends are numerically equal to 
Pcc. The electric intensity at O, a point near the centre of this cavity 
is due to the applied field of intensity E and the field due to the charges 
on the ends of the cavity. Since, numerically, ot is small compared 
with the length of the cavity, the contribution to the electric intensity 
at 0 arising from the charges at the ends of the cavity must be zero. ■ 
Hence the resultant electric intensity in such a cavity is E, the same as 

V — ■ V' 

it would be if the insulator were replaced by a vacuum, i.e. E * --A-— 1. 

(m 

When a cavity having the shape of a pill box is considered — cf. 
Fig. 37-6 (5) — the contribution to the electric intensity at a point 
near the centre of the cavity due 
to the charges on the ends of the 
cavity is no longer negligible. 

The point O may be regarded as 
one inside a parallel plate con- 
denser Jbhe surface density of the 
electrification on the plates being 
numerically equal to P. The 
electric intensity due to such a 
distribution is 45tP, so that the 
total electric intensity at 0 is 
B + 4;n:P = D. Hence D is 
numerically equal to the electric 
intensity in a cavity of the special 
type as defined above. 

The Law of Force for Di- 
electrics.— It has been shown 
that for condensers having the 
same size, but the space between 
the plates of one being filled with 
an insulator, the electric intensity 
is the same in each instance if 
the potential difference across the 
plates of each condenser is the ^ ^ ^ 

same. But the charges on the plates of the condenser with a dielectric 
are K times those on the corresponding plates of the other condenser. 
It therefore follows that the electric intensity in a dielectric would 
be 1 /K-th that in a vacuum for equal charges. Hence, in general, 

E 

icr®; ■■ ' 

where ^ is a poiiil charge in a medium whose dielectric coefficient is 
K. The law of force between two point charges at distance r apart 
in a medium whose dielectric constant is /c is therefore 



Fia. 


37*6. — Electric Intensity and 
Electric Displacement. 


F 


Ml 
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Dielectric Constants of Gases : Variation wi& Tein'perato^ 

Let us suppose that eaoli molecule of a gaseous dielectric has, on the 
average, an electric moment w, and that 



m/: : : ' AKD ELECTRICITY - V 

■where E is the applied field and' a a quantity whose nature is to be 
discovered. If there are n molecules per unit volume, then 
nm P — nciE , ' 

'But'.B, = E + 4 jiP . 

D' • P 

g ~ 1 -f 4ji:g-s= 1 + inna. :. 

Hence, when k is known, a may be determined. Quite naturally, 
therefore, we ask ourselves what does this quantity represent ? Fara- 
day imagined that a was a measiire of the electric response of a molecule 
to an electric field — he imagined that the field caused a displacement 
of the two differently charged portions of a molecule so that a dipole 
was formed. The dipole ceased to exist when the field was removed, 
Dubyb (1927) conceived the idea that a molecule may possess a 
definite electric moment even before the electric field is applied, Le. 
the distribution of charge in such a molecule is asymmetrical. Debye 
termed them polar molecules, and the action of an electric field on 
them is twofold : 

(i) it tends to align the molecules so that their electric axes are in 
the direction of the field ; 

(ii) it will cause a displacement of the electrons in each atom relative 
to the nucleus in that atom. 

Debye therefore wrote 

a = aj + (x^f 

where is the contribution caused by the application of an external 
field, and is the contribution due to the permanent electric moments 



Fia. 37*7. 

(a) Dielectric Constants of Gases and their Variation with Temperature. 
(6) An NHa-Molecule (polar). 

of the molecules when a random orientation of their axes no longer 
exists. He argued that a 2 will depend on the temperature of the 
dielectric; as the temperature rises the molecules will b© less liable 
to become orientated with their axes along the field. He showed that 
the dielectric constant of a gas whose molecules are permanent dipoles 
could be expressed by the formula 

, 'Ig a -p ■■ ^ 

where T is the absolute temperature and a and b are constants. For 
non-polar compounds k is constant. If therefore k is plotted against 
1/T, a straight line having a definit© slope is obtained for gases whose 
molecules have a permanent electric moment ; for non-polar compounds 
the straight line is parallel to the 1/T axis — ci. Fig, 37*7 (a). 
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Ammonia, NHg, and methane, CH^, are examples of polar and non- 
polar molecules respectively. In the case of ammonia Debye has 
shown that the hydrogen atoms (reaUy ions) are arranged at the base 
of a regular tetrahedron, the nitrogen ion occupying the apex — cf . 
Eig.' 37*7 (6). ; The angle' HNH is 110°., ■ 

It has Just been shown that the electric intensity due to a point 
charge g at a point in a medium of dielectric constant k and at distance 
f„: from the charge is given by 



•Ihe electric induction or electric displacement at the same point is 
:kE ot q/r^. 

Gauss’s Theorem .—Let us imagine that a closed suiface is drawn 
In an electrostatic field. At each point on this surface the electric 
displacement has a value appropriate to that position. Since D is a 
vector it may be resolved into components along given directions. 
Let D#i denote the component of the displacement along the outward 
drawn normal at any point on the surface. Suppose that is a small 



area across which the component of the electric displacement may 
be considered constant. Then is called the of electric in- 

duction or the normal induction cross the element ^S. 

Gauss’s theorem for electrostatics states th&t the total flux of electric 
induction across any closed surface is 4n times the sum of the charges 
enclosed by that surface. Thus 

j*Dj^.dS — Ajrg 

where q is the charge enclosed, 

Pboof. — Let q be the point charge at A inside a closed surface. 
Consider the flux of electric induction across a small element Bp of 
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fee'^closed stM-face— cf. Mg. ■ 37*8 (a). , It is equal' to ...Let ^oe. 

'.bo'tlie angle between. the. vector I> 'and the. outward drawn normal, , 
and. (5S the area of the^ element.^ Then ■ " 

Dn.<5S = D.5S cos a == ' (area BM), 

where MB is a section through B of the slender cone formed by joining 
all points on the periphery of (3S to g, the section being at right angles 
to the axis of the cone — cf. Fig. 37*8 (5). But the area BM/f^ is the 
measure of. the solid angle at A — call it dco* Then the flux of induction 
across ,BC is q .dm. Hence the flux of electric induction across the 
"closed S'urfaoe is ■ 

dm inq. 

When the point charge lies outside, the closed "surface, every slender 
cone cutting the surface must do so at two places — ef. Pig. 37*8 (c). 
Let and <5Sj be the areas of the closed surface intercepted by this 
elementary cone. Then the contribution from these two areas to the 
flux of electric induction is 

I>n% » 4“ Dfii • SS I = cos 4- cos ocj . <3S| 

q 

q d» m zGOs{n — 

«0 ' , 

If the closed surface has a shape similar to that in Fig. 37‘8 (d) 
and the point charge is within this surface, then a slender cone having 
its apex at the charge must intersect the surface an odd nxunber of 
times. Let us assume that this number is three. Then the contribu- 
tion to the flux of electric induction from the three elements of surface is 

Dn, . 4* Dn, . (5Ss + Bn. . 

cos CCJL . <5Si 4- cos oc^ . 4- A cos 

*1 '8 '8 

= g . <5a) — g . <$tt> 4- g . <5ea 

= q , Sco. 

Hence for the whole surface, the normal induction is given by 

j*g . dm « inq, • 

Although the theorem has been established for a point charge, it 
applies to any distribution of charge, for this may be considered as 
a collection of point charges. Hence if Q ~ Z (g), is the total charge 
enclosed in a surface, Gauss’s theorem states that 

j*DndS = 4:nQ» 

Lines and Tubes of Electric Force^ and of Electric Induction.— 
We have seen that it is possible to draw continuous lines in an electric 
field in free space such that the tangent at any point to one of them 
indicates the direction of the electric intensity at that point. It 
is also possible to draw lines of force, for such is the name given to the 
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aboiT© lines, in a illeleetric placed in an eleetrostafeio £eld* The tanf?©nt 
to such a line in a dielectric then indicates the direction of the electric 
intensity in a small needle-shaped cavity having its centre at the point 
in question. It is also possible to draw other continuous curves in a 
dielectric — if these are such that the tangent at any point indicates 
the direction of the electric induction at that point, i.e. the force per 
unit charge on a small positive charge placed in a cavity having the 
shape of a pill box. Such lines are termed lines of induction. 

If any area is considered in an electric field and lines of force or 
lines of induction are di*awn tlirough every point on the contour of 
the above area, a tub© of force or a tube of induction is obtained. 
In our study of dielectrics w© shad find tubes of induction very helpful. 

' Tubes of Inductioxa. — ^Let A, 'Fig. 37*9, be a point in an electric 
field, the electric induc- 
tion or electric displace- 
ment at A, being Bj. 

Consider a small area 
<5Sj drawn round A so 
that it is normal to the 
direction of Bj. Con- 
struct the tube of in- 
duction having a cross- 
section ^Sj at A. Let 
<§82 be the cross-section 
of the above tube at 
B, a point in the field 
where the electric dis- 
placement is Bg. Let us apply Gauss’s theorem to, 'this portion of the 
tube. The contribution to the flux of induction by the ends of the tubes 
is Bg * — B| . <$Si, since Bj and Bg are normal to the areas ^S^and 

6 Sa respectively. The contribution from the curved sides of the tube 
is asero, since the normal component of the displacement is zero at 
all points on the curved portions of the tube. If there is no charge 
enclosed in the portion of the tube considered, then • 

Ba.^Sa -Bi.^Si -0. 

Thus the electric displacement at any point is inversely proportional 
to the area of cross-section of the tube at that point. 

The Electric Field inside a Hollow Charged Conductor. — 
Suppose that there is no electric charge inside a closed metal surface 

A, Fig. 37-10. Inside this surface con- 
struct any closed surface. Then the 
charge inside this surface is zero. By 
Gauss’s theorem, the total flux of induc- 
tion across this surface, being 47 ? times 
the charge enclosed, is zero, i.e. 

. ’ m„.ds = o. 



Fig. 37-9. — A Tube of Electric Induction. 



where B» is the normal component of 
the electric displacement at a point on 
the Stuface. Since the above inte^al is 
zero for every closed surface which may 
bo drawn inside A, it follows that B^, and therefore B, must be zero 
at all points inside A. The electric intensity is also zero. 


Fig. 37-10. — Electric Field 
inside a Closed Hollow 
Conductor. 
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Fig. 37*11. — Coulomb’s Theorem in Electrostatics. 


Coulomb’s Tbeorem.— Let AB, Fig. 37*11 (a), be a smal, element 
of th© surface of a charged conductor. Let c be the density of the 

electricity on this area. 
Since the surface of a ■ 
conductor is an ©qui- ' 
potential .surface, . the 
electric induction must 
be _ at right angles to 
the surface. Consider 
the tube of induction 
whose ' cross-section at 
the surface is the ele- ' 
ment AB. Let MN he 
the cross-section of the 
tube a short distance away from the surface. Imagine that the tube is 
produced backwards and truncated by a plane PQ parallel to MN 
[PQ must lie inside the material of the conductor.] A section parallel 
to the axis of this cylinder is shown in Fig. 37*11 (6). The total normal 
induction over the surface of the cylinder thus obtained is due solely 
to the contribution from the end MN, since inside the conductor the 
electric intensity and therefore the electric induction is zero, and the 
normal component of the induction over the curved portions of the 
cjdinder in the dielectric is zero at all points. The charge inside the 
cylinder is <r . 6S. If D is the displacement at any point on MN, it is 
also the displacement at any point on AB when MN is sufficiently close 
to AB. The area of MN is then also Hence by Gauss’s theorem 
D . «5S « 4:?!; . cr^S 

or D ~ 

The electric intensity near to the surface of a charged conductor is 
therefore given by 


^ D 
E = 


K 


Electric Intensity and Electric Displacement due to a Uniformly 
Charged Sphere. 

(i) At points outside the sphere. 

Let A, Fig. 37*12, be a point 
situated outside a sphere of radius 
a and carrying a charge q. Since 
the charge on the sphere is uni- 
formly distributed, the electric dis- 
placement will be radial and equal 
at all points equidistant from 0 
the centre of the sphere. Through 
A draw a sphere of radius OA, 
the centre being O. The electric 
displacement at all points on this 
sphere is D and is everywhere 
normal to the surface at the point 

considered. Hence the flux of induction across the sphere k 
D X (area of surface of sphere of radius r). 

*= 4;ir* . D.: ■ , , 

But by Gauss’s theorem tins is 47rg. Hence 



37*12. — ^^Electric Induction due 
to a Charged Sphere. " . 
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The electric intensity is therefore At points outside the sphere 

the electric displacement and intensity are respectively the same as 
if the charge were concentrated at the centre of the sphere, 

(ii) At points inside the sphere. If B is such a point and a sphere, 
with centre O and radius OB, is constructed, the electric displacement 
must again be radial at all points on the sphere. The flux of induction 
across this sphere is zero, for by Gauss’s theorem it is in times the 
charge inside the sphere, and the charge inside the sphere is zero. 
Hence, inside the sphere, D, and therefore E, are zero. 

Uniformly Electrified Infinite Flat Plate.—Let a be the density 
of the electricity on each side of the plate. By symmetry, the electric 
displacement must everywhere be normal to the plate and have a 
constant value at all points in a plane parallel to it. Under these 
conditions the area of cross-section of any tube of induction remains 
constant. Consider the portion of such a tube shown in Pig. 37*13. 
Let Dj and Dg be the values of the electric displacement at the lower 
and upper ends of this cylinder. Let the areas of these ends be s. 
It is not necessary for these areas to be small since, by symmetry, 
D j and Dg are constant at all points in the respective planes parallel 
to the given plate. The flux of in- 
duction across the surface of this 
cylinder is 

the contribution from the curved 
surfaces being zero. The above is 
zero, by Gauss’s theorem. Hence 
B, = Dg, 

or the electric displacement is con- 
stant. +.*+ + -f -h + + + + 

To determine the value of the dis- pia. 37*13.— Electriclnduotion due 
placement consider the portion of a to a Charged Infinite Plate, 
tube of induction indicated on the 

right of the diagram. This tube originates on a charge era. Let the 
above cylinder be produced backwards so that it may be truncated 
inside the conductor. There can be no tubes of induction inside the 
charged plate, but that does not prevent us from drawing a portion 
of a closed surface inside the conductor. The only contribution to 
the flux of induction arises from the end of the tube in the dielectric, 

and amounts to D . 
By Gauss’s theorem 
this is inas, so that 
I) “ ina. In using 
this formula it must 
be remembered tha.t 
G is the surface den- 
sity of the electricity 
on one side of the 
plane only. 

Uniformly Elec- 
trified ..'Iniinit'e ' 
Gylinder.— Let.. P, 
Fig. 37-14:. — Electric Intensity due to an Electrified pig. 37*14, be a 
Infinite Cylinder. point at a distance r 
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■■■ from the, axis of an infimte cylinder, the charge of electricity per unit 

■ length being L ' By S 3 nmmetry B' will ,be^ radial and' have' the same 
/value at all points equidistant'from the axis of the cylinder, ■ Through P ' 
describe a cylinder coaxial with the ' charged one, and construct . two 
planes at distance I apai*t and normal to the axis of the cylinder to ' 

■ form' a closed surface. The charge enclosed by this surface is' XL ; The 
plane ends contribute nothing to the hux of induction across the 
closed surface considered. The flux across the curved' surface of the 
cylinder is I) .■23irl. By Gauss’s theorem this is 4:mXL Hence ' 

^ 2A 
D « 


and.. 


E sa= , 


n 

Kf* 



Fig. 37*16.^ — Mechanical 
Stress at the surface of 
a Charged Conductor. 


where k is the dielectric coefficient for the medium surrounding the 
charged cylinder. 

Inside the cylinder the electric displacement is 2 ser 0 , 

The Mechanical Stress at the Surface of a Charged Conductor. 

* — Let A and B, Fig. 37*15, be two points close to the surface of a charged 
conductor, one outside and the other inside. 
Let K be the specific inductive capacity of 
the medium. The problem before us is to 
investigate the force on the charge residing 
on rniit area of the surface- of the conductor. 
This is determined by E, the electric intensity 
at A, which may be regarded as the resultant 
intensity due to the electricity on the surface 
of the conductor in its immediate neighbour- 
hood and to the rest of the distribution. Let 
these contributions be Ei and Eg respectively. 
Then 

E - El + Eg. 

At B the electric intensity is zero. The 
contribution to this is — from the elec- 
tricity on the surface, and Eg from the remainder of the distribution. 
Hence, — E^, + Eg = O, or Ej — Eg == E/2. 

Consider a small area <5S of the surface of the conductor. Then 
the charge on it is u.^S. Now the force acting on the charge a, SB . 
is caused by the electric intensity at the point considered due to the 
rest of the electricity on the conductor, i.e. the force is o‘.<3S.E2, 
-i-u.5S.E. 

The force per unit area is therefore l-crE. But D — isru, so that 
the expression for the above force per unit area, or surface stress, 
becomes 

■ ■'.'■■■'." BE .fcE* : 27taK ■ . 

/ Bjt. ""■ Bn ■■ ' K ' 

The sign of this stress is independent of that of the charge and it 
is always directed outwards. 

Experiment , — The existence of the above stress may be shown by 
producing a soap bubble at the end of an insulated metal tube. When 
the tub© and therefor© the soap bubble is connected to a source of 
high potential the bubble expands until the reduction in pressure 
inside the bubble compensates for the surfliee stress arising from til© 
charge on the bubble. 
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: Energy ill mi 
the surface , of ,a 


Electrostatic Field.- 
charged conductor — 


Fig. 37- 16. Let be the surface density 
of the electricity. Then the force acting 
on the portion of the surface considered 

DE ■' ■ ■ 

is Suppose that the surface is 

OJS 


-Consider an element of 


cr-6S 


V 


1 


Fia. 37*16. — ^Energy in an 
Electrostatic Field. 


moved backwards a distance dx. Then 
the work done by the external agency 
. . . BE 

causing the motion is g^.6S.<5aj; But 

the field has been increased in volume 
by an amount 6 S.^a 7 . The work done in creating a field is stored 
as energy in ' the medium. The energy associated with unit volume 
of the field is therefore 

DE- ■ 

Sti 

Stresses in an Electrostatic Field. — The mechanical force acting 

DE 27£cr® _ . 

on unit area of an electrified conductor is 77 — or . This stress 

may be regarded as the effect of a tension along the tubes of induction 
in the field. We assume that the tension per unit cross-sectional area 
of a tube at any point in the field is given by the above expression, 



subject to the condition that D and E are the values appropriate to 
that point. Let us see whether or not it is possible for a tube of 
induction to be in equilibrium under the action of these forces alone. 

As a special case consider a tube of induction in the region between 
two concentric spheres — Fig. 3747 (a). Suppose that the cross-section 
of the tube at right angles to its axis at any point is a square, and 
that opposite sides of the tube are iaolined, to each other at an angle 50. 
Let q be the charge on the ixmer sphere. Consider that portion of 
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the above tube bounded by ' the ■ surfaces of spheres of radii r and 
(j. 4. <3r). This element of the tube is shown enlarged in Fig. 37*17 (6). 
,'I,et/i and /a be the forces acting on the opposite curved ends of this 
element due to the tension along the tube. The tension across the 
■ BE . . , ' ■ 

face of radius r IS per unit area. Hence 


sinoe D = kE 


.B^.ir.dd) 


8jr\/cf V 


since D « kE ^ q/r\ Similarly 

S7tK[r ~f <5r)® 

_ " , , n 1 1 

Hence “ A = “1^ U* “ (7+1?)^ J 

g^Sd^ 2 .Sr 

"" Sick ' ‘ “^7^* [neglectmg Sr^}. 

Thus there is a resultant force directed inwards and the tube cannot 
therefore be in equilibrium under the action of the above tensions. 
Suppose, however, that P is a pressure (i.e. a force per unit area) 
acting on each of the four fiat sides of the element. Then the force 
on each side is VrSd . Sr. The component of this force along the 

Sd 

axis of the tube is Pr(30 . Sr . -y. The resultant force arising from 
the pressure acting on the flat sides of the element is therefore 

4 . - --I * --- '' - =2Pr6r. 3e« 

along the axis of the tube and away from the centre of the spheres. 
For equilibrium this must equal /j — /a, i‘©* 

g» _ 1 q g _ icE* 

^TiKT^ 87r'r®*/cr* 8??: 

BE 

8:71 * 


Hence for a tube of induction to be in equilibrium there must be 

BE ■ BE 

a tensile stress along the tube and a compressive stress 

normal to the sides of the tube. 

The existence of this pressure is shown by the following experiment 



Fig. 37*18. — Quincke’s Experiment. 


due to Quincke -Two large 
metal plates are insulated from 
each other by pieces of glass and 
the whole immersed in paraffin 
oil— Fig. 37*18. By blowing 
through a tube containing cal- 
cium chloride a bubble is pro- 
duced at B. One of the plates 
is connected to a Wimshurst 
machine [cf. p. 736] and 
charged. To determine the 
lateral pressure between the 
tubes of induction in the liquid 
and in the air bubble let us 
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consider the condensers formed by unit areas of the metai plates 
and the intervening dielectric, (a) in the bubble and (b) in the liquid. 
If d is the distance apart of the plates, the capacities of the two unit 

condensers are and respectively. If V is the difference in 

potential between the plates, the charges on the plates of the unit 
V kV ' 

condensers are and wliich are denoted by <ja and cfe respectively. 
Hence, in the liquid the compressive stress is 


DE 

Sn 


/cV « 


since D = #cB and E 


V 

d* 


In the bubble itself the compressive stress between adjacent tubes of 
V* 

induction is repulsion of the tubes of induction is, therefore, 

greater in the oil than in air so that the bubble contracts and the gauge 
C indicates an increase in pressure. 

The Capacitance of a Concentric Spherical Condenser. — ^Let 0 
— ^Fig. 37 ‘19 (a) — -be the centre of two concentric spheres of radii a and b 
respectively. Let g' be the charge on the inner sphere ; then — g is 
the induced charge on the outer sphere when this is earthed. Let k 
be the permittivity of the medium between the spheres. Let E be 
the electric intensity at P, a point in the dielectric at distance r from 
0. Then 


E 


JL 

KT* 


Let V be the potential of the inner sphere, that of the outer one 
being zero. Then 

V = the work done against the field per unit positive charge in 
bringing a small positive charge from the outer sphere to the inner 

[Of. p. 684 for the reason why the negative 


sphere 
sign occui’s,] 


= -£> 


#cL r ic\a b / 


q \ I If 1 1 \ tcab 

The capacitance is therefore y - J — bJ 


An interesting problem is presented when the inner sphere is earthed 
and the outer spherical shell of the previous system is insulated and 
charged— Fig. 37-19 (6). Let c be the radius of the outer surface of 
the spherical shell. If q is the charge on the inner surface of the shell, 
— g is the induced charge on the sphere when this is earthed ; let 
Q be the charge on the outer surface of the shell. The electric intensity 
in the dielectric is due solely to the charge — g on the iimer sphere : 

tcT^ 

The potential V of the shell is constant throughout and is given by 
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0 V == work done per unit charge in taldng a small positive 
charge from the surface r ~ 6 to the smface r === 

KT^ 




i: 

k\ bJ 

K\a h/ 


dr) 


But the potential of the outer shell is also given by 

Q ^ Q 

c ^ c c c ^ 

since charges on spherical conducting surfaces act at external points 
and points on their own surfaces as if they were concentrated at the 
centre of the sphere. iv 

. _?fi _ 9 = V 

* * /c\a 6/ c ‘ 

The total charge on the shell is therefore Q + g, so that the capaci- 
tance of the system is given by 


Q -f-g 
V 


c{b-a) 


”*0(6 a) 
« Kab 


+ 1 




: C -j- : 


mb 


mb 


This result can be written down at once if we regard the condenser 
as consisting hf two parts, of capacitances and c, arranged in 

parallel. 

Alternative Method. — When air is the dielectric let the charges on 
the surfaces be ga» g& Q^nd respectively. Then, remembering that the 
potential inside a conductor due to its own charge is the same as that 
of the conductor itself, we have, as the potential of the inner sphere 

0, . . . . (i) 

since it is earthed. Moreover, the potential of the inner surface of 
the shell must be the same as that of its outer surface. Hence, 

b 


_ Ya , fc 

a b c 


, it . 2c ic , it 2a 

+ 6 +r = c + • 

• (ii) 

qa ^ qb g(say) . 

. (iii) 


. (iv) 


.*. From (i). 

The potential of the shell is, from (ii), 

c 

This is equal to the total charge on the shell, divided by the 
capacitance of the condenser. 

.’. Capacitance == = cfl 4-?-\ > 

Qg \ q-c/ 
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'The Capacitance per Unit Length of a Long Coaxial Cylindrical 
Condenser,— Let Fig. 37*19 (a) represent the cross-seotion' of a long 
coaxial cylindrical condenser, the outer shell being earthed wMle the 



Fig, 37*19,— Capacitance of a Concentric Spherical Condenser, 


inner cylinder is insulated and carries a charge % per unit length, 
intensity at P is 2X/Kr, Hence 



2A 

—dr = —[log* b - log* o]. 


The 


Capacitance per unit length — 


K 

2[loge & — log® a]’ 

K 



A Variable Cylindrical Air Condenser.— To the ends of a wooden 
base there are attached two ebonite uprights carrying a long ebonite 
rod AB, Fig, 37*20 (a). This rod supports a brass tube M, the outer 
radius of wliich is a, N is a coaxial brass cylinder carried on two metal 
supports to one of which is fixed a spring S making contact with an 



Fig. 37'20. — A Variable Cylindrical Air Condenser. 


earthed metal rail R. The tube M may be raised to any desired 
potential difference by connecting the source of potential to the ter- 
minal Tg which is in metallic connexion with M. The inside radius 
of the tube N is 6. A cross-section of the apparatus at N is shown in 
Fig. 37*20 (5). 

The absolute capacitance of such a condenser is unlmown but by 
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moving N a distance I to the right or left the capacitance may be 
respectively increased or decreased by an amoimt 

^ — 7 . , ' [e.s.u. capacitance.] 

Slog.- 

Cavendish’s ' Experimental Verification of the Inverse Square 
Law in Electrostatics. — metal globe was suspended from an^ 
insulating support. An insulated spherical shell, concentric with the 
globe, was formed by fastening two metal hemispheres by glass rods 
to two wooden frames hinged to an axis so that the hemispheres could 
be placed in the desired position. 

The globe could be put into metallic communication with the hemi- 
spheres by means of a short wire insulated by a silk thread, so that it 
was capable of being removed without discharging the apparatus. 
Metallic connexion between the globe and hemispheres having been 
made, both were connected to a Leyden jar whose potential had been 
measured by an electrometer. The wire was withdrawn, the hemi- 
spheres removed and discharged, and the electrical condition of the 
globe tested by means of a pith ball electrometer, which at that time 
(1773) was regarded as the most delicate electroscope. No indication 
of any charge on the globe was detected. 

Cavendish then communicated to the globe a known fraction of the 
charge originally given to the spherical condenser and tested the elec- 
trical state of the globe. In this way he foxmd that the charge on 
the globe in the first experiment was less than that supplied to 
the condenser, for greater charges than this were detected by the 
electrometer. 

He then calculated the fraction of the charge which would have 
remained on the globe if the law of repulsion between like charges 
differed by a small quantity from that of the inverse square. If this 
difference were the fractional charge on the globe would have 
amounted to -g^ of that on the condenser. Such a charge would have 
been detected with his apparatus. 

Maxwell’s Experimental Verification of the Inverse Square 
Law in Electrostatics. — ^The metal hemispheres were supported on 
an insulating stand, the inner sphere being held in position by means 
of an ebonite ring A, Fig. 37*21. In this way the insulating support 
for the inner sphere was never exposed to the action of any electric 
field, and therefore never received any charge which might have been 
a disturbing factor. Instead of removing the hemispheres before 
testing the globe for electricity, they were allowed to remain in position. 
In this way the inner sphere was protected from all external electric 
fields, an advantage far outweighing the disadvantage due to the fact 
that the effect of a given charge on the inner sphere was not so great 
as if the hemispheres had been removed, i.e. the capacity of the 
electrometer and its connexions was increased. 

The short wire, B, making metallic communication between the 
inner and outer spheres was attached to a small metal disc covering 
the aperture in the shell. When the lid and wire were raised by means 
of a silk thread, the electrode attached to the electrometer (Kelvin’s) 
could be brought into contact with the inner sphere. The case of 
the electrometer, one pair of quadrants, and the exploring electrode, 
T, Fig. 37*21 (c), were all coimected to earth until the shell had been 
discharged. 
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'' To estimate tlio original charge of the shell, a' small brass sphere 
was placed on an insnlating stand at a considerable distance from the 
rest of the apparatus. ■ 



Induced cha.p^es on 
small sphere. 



Outer sphere raised 
to a potential Y, 



Fig. 37*21. — Maxwell’s Investigation of the Validity of the Inverse Square 
Law in Electrostatics. 


The fonowing operations were carried out : 

(i) The shell was charged by communication with a Leyden jar, G, 
Fig. 37*21 (a), the wire B making connexion between the inner and 
outer spheres. 

(ii) The small brass ball, D, was earthed so that it received a charge 
by induction. It was then instilated — cf. Fig. 37*21 (6). 

(iii) The communicating wire was withdrawn. 



AND .ELECTRICITY .: 

v(iv) Til© outer "Slieil wag earthed-. ' 

(v)'Th© testing electrode, T, was brought into contaci} with the 
iimer sphere~-“Fig. 37*2i (c). 

‘ Hot the slightest effect' on the electrometer could be observed,’; 
writes. Maxwell. 

To test the sensitivity of the apparatus, the shell was disconnected^ 
from earth, and' . since it had been under , the influence of a negative 
charge on the small sphere it had acquired a positive charge. The 
smafl ball was then discharged and, the testing electrode attached to 
the electrometer being in contact with the outer sphere, there was a 
deflection ^ — Fig. 37-21 (d). 

The negative charge on the ball was about of the original charge 
on the shell, and the positive charge induced on the shell was about 
} of that on the ball. Hence the potential of the shell, as indicated 
by the electrometer, was about ^|g of its original potential. 

Maxwell then calculated that if the repulsion had followed the law 
the potential of the inner sphere would have been — 0*1478^V 
where V.is the potential of the shell. Suppose that i e is the smallest 
deflexion of the electrometer needle which could be detected. Then 

0-1478j5V < ^k(S {h = conversion factor] 



72 ^ < ± j 


Now ^ was certainly 300 times greater than a, 

^ ± HeoQ* 




M- 


m 




cts : 


It was in order to estimate the potential of the inner sphere if the 
value of ^ were not zero that both Cavendish and Maxwell used spherical 
condensers, but in any closed conductor the electric intensity is zero. 
Parallel Plate Condenser. — Let us suppose that A and B, Fig, 
37-22, are the plates of such a condenser, the distance between the 
plates being small compared with the linear dimensions of the plates, 
so that we may be justified in regarding the 
lines of induction as normal to the plates over 
their central regions. Let V 2 and V j be the 
potentials of the plates, the densities of the 
charges on the plates being 0 and — cr re- 
spectively. Let KL be a small element of 
area ds parallel to the surface of either 
plate. Construct the closed surface having 
ds for one base and straight lines through 
each point on the periphery of this base 
forming its curved surface. Let this element 
be truncated by a plane, MN, pairallel to 
HL and inside the plate A. Then the charge 
enclosed by this Gaussian surface is + ad$. 

Let D be the electric displacement at any 
point on the base KL. Then the direction 
of this displacement is normal to KL. The + 0 ^ -CT 

contribution to the flux of induction is zero Fig. 37*22. — A Parallel 
across the curved surface of the element Plate Condenser, 


I) 


K 
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and also across since this is a surface inside the conductor. 
Hence, by Ganss’s theorem, 

D , ds = 4t7z , ads 
D = 4 : 710 , 

If K is the , dielectric coefficient of the medium between the plates 
of the , condenser, the electric intensity- is given by 



If t is the distance between the two plates. 

K 

Since a is the charge per unit area of the positive plate of the con- 
denser, the above expression shows that the capacitance per imit area 

of the above condenser is' i— v-. 

47Zt 

If the dielectric has a constant width d, where d < t, then 
V, - V3 = E,(f - d) + Ejd, - 

where E^ and Eg are respectively the electric intensities in the air and 
in the dielectric. 

If cr is the surface density on the positive plate under these conditions, 
Ej — 4710 and E2 = 4710 / k . Hence 

V, - Vi = -dy + ^ 

= ~ "I" 

The capacitance per unit area is therefore 

1 ■ 


EXAMPLES XXXVn 

1. — State Gauss’s Theorem in electrostatics. Apply it, (a) to show 
that the product field-strength x cross-section, along a tube of force in 
air and containing no charge is constant ; (h) to obtain an expression 
for the strength of an electric field just outside a charged conductor 
at a place where the surface density of the charge is 0 , 

2. — -A potential difference of 2000 volts exists between two large 
parallel plates in air, at a distance apart of 1 cm. Calculate the pull 
on unit area of each plate. What would be the effect on this pull 
if the space between the plates were filled with an oil of dielectric 
constant 3*5 ? 

3. — -The electrostatic potential at a point in air near the earth’s 
surface increases with height at a rate of 100 volt. metre. Calculate 
the charge per square metre on the earth. Calculate also the resulting 
mechanical stress at the earth’s surface in the same locality. 

4. — Derive an expression for the capacitance per unit area of a large 
parallel plate condenser wliich has half the distance between Its plates 
occupied by a slab of material of dieleotrio constant ic, and the remaining 
half by ' air, , ' , 
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■ ^.----Assiimmg that the, forces in an electrostatic field can be ascribed^ 
tO: a, system ■ of stresses in the dielectric medium, obtain an expression, 
for' the tensions along the lines of force. ' What other stress is necessary 
for equilibrium How has its existence been demonstrated and its' 
value verified t 

Calculate the pull per unit area on the surface of a charged conductor 
at a place where the surface density of the charge is 10-® coulomb 
cm.”®, and the surrounding dielectric has a constant equal to three 
times that of empty space. 

6. — Calculate a value for the radius of a water drop which, carrying 
a negative charge equal to that of an electron ( — 4*77 X i0~^® e.s.u.) 
floats in the earth’s electric field when the vertical intensity is 150 
volt, metre.-^ Is the general direction of the field upwards or down- 
wards in tJais case f 
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ELECTROSTATIC INSTRLIIENTS 
Electrostatic Measueing Ihstrumekts 


The Bifilar Electrometer. — ^A section 
of this instrument is indicated in Fig. 38T. 

AA is a loop of thin platinum wire 
stretched between a metal rod C [insu- 
lated by amber from the case of the in- 
strument] and a circular piece of quartz 
D. BB are wires fixed to the walls which 
are earthed. When C is connected to a 
source of potential, electrical attraction 
causes the wire loop A to expand side- 
ways. The displacement is measured 
with the aid of a microscope and is a 
measure of the potential difference between 
A and the earth. Potential differences 
from 30 to 300 volts may be measured 
in this way, [N.B.— The volt is not 
the electrostatic unit of potential difference. Unit potential differ- 
ence on the c.g.s. electrostatic system of units is equivalent to a 
potential difference of 300 volts.] 

The Attracted, Disc Electrometer.— This electrometer consists 
essentially of a guard-ring condenser and a balance, the underlying 
principle being that the mechanical pull on the movable plate of 
a condenser is balanced against the gravitational puli on a known 
mass. A, Fig. 38*2, is the lower plate of the condenser. It is 
supported by an insulated screw and may be raised to any desired 
potential. The upper plate of the condenser consists of a central 
circular section B, surrounded by a wide concentric ring 0. This 
is the so-called guard-ring. B is supported from one arm of a 
balance as shown. The clearance between B and G is sufficient 
for B to move freely and yet not sufficient to disturb the homo- 
geneity of the field in the central region of the condenser. C, and 
the support for the beam of the balance, are earthed, i.e. B is per- 



Fig. 38*1.— Bifilar Electro- 
meter. 
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manently : earthed also. The. balance is first adjusted so that B 
lies 'flush , in the plane containing. C. The beam 4s then, just 'in con- 
tact with the stop K. This adjustment may be effected by adding 
.sand, to the balance pan D. 

■ Let V be the potential of the lower plate at a distance i from 
the upper one and m be the additional mass required in' D to restore 



equilibrium, i.e. to make B and C coplanar again. Let cr be the 
numerical value of the density of the charges on the central portions 
of the condenser plates. If S is the area of the plate B (strictly 
the mean area of the aperture in 0 and the plate E), the total pull, 
E, on it is 27£<7^S. ■ But 

y 

“7 = electric intensity = 47rcr, 


= 2 « 

vs’ 


Since all the quantities on the right-hand, side of the above 

equation are known, or measurable, V may be calculated. 

In actual practice it is found difficult to measure t accurately, 
so that the following modifi.ed procedure is adopted. Let A be 
connected to a constant source of potential, Y, the plates being 
at a distance i apart. Then ' 




; j ^nmg 

V s ‘ 


Now let the potential to be measured, say t?, be connected in 
series with V, the total potential being Y + v. Let A be moved, 
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by means of the, sere H, through' a vertical distance A until, the 
balance' is again eqnilhrated, ' ' 


V + ® = 2(< + ft) 


From' these we have 
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The Oiiadrant Electrometer — This instrament enables iis' to 
compare potential differences more accurately than can be d.one 
with gold-leaf electroscopes. Lobd Kelvin made the first reliable 
quadrant electrometer, but the form chiefly used to-day is due to 
Bolezalek [cf. Fig. 38*3 (a)]. It consists essentially of a cylindrical 
box divided into quadrants, one of which is shown in Fig. 38*3 (5). 
Diagonally opposite quadrants are connected by thin wires and an 
aluminium needle is suspended symmetrically in a horizontal plane 



(а) Dolezalek Quadrant Electrometer. 

(б) A quadrant. ^ 

(c) Diagrammatic representation of a quadrant electrometer and its connexions. 


between them. The needle is suspended by a fine phosphor bronze 
wire which is raised to about 100 volts by being connected to one 
terminal of a battery,, the other terminal being earthed—cf. Fig., 
38‘3 (c). ' Each quadrant is, supported on a quartz pillar , which 
should never be touched by the hand if the insulation, is' to remain , 
unimpaired. ' Communication to the quadrants: is made by means 
of metalrods and springs passing through the brass' case surrounding 
the instrument but insulated Trom it. 
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'In some of these ■'instroments the suspension consists of a quartz 
fibre ' which is chosen on account of its constant elastic properties, ■ 
The needle is then charged by touching it with a charged rod. The 
insulation resistance of the quartz is so high that the needle does not 
lose its charge for a considerable time. The base of the instrument 
is fitted with screws so that it may be levelled and it is advisable 
to surround the entire instrument with an earthed piece of gauze 
to protect the quadrants and needle from stray electric fields. A 
mirror is rigidly attached to the needle so that small angular dis- 
placements of the needle may be measured. 

The principle underlying this instrument is that when there is a 
difference of potential between the two pairs of quadrants, the needle, 
having a positive charge, moves away from the quadrants with the 
higher x^otential. The energy of the needle is spent in doing work 
in twisting the fibre. For small potential differences the deflexion 
of the needle is proportional to the potential difference. 

If the instrument is not exceptionally sensitive — say it gives a 
deflexion of 10 cm. on a scale 1 metre away for a p.d. of one volt^ — 
then it may be used to compare tbe e.m.f8. of two cells by first 
earthing the quadrants and determining the zero of the instrument. 
One pole of one of the cells is then earthed and the other connected 
to one pair of quadrants [disconnected from earth] and the deflexion 
observed. The second cell is then examined in the same way. The 
ratio of the E.M.F.’s of the cells is the ratio of the deflexions of the 
needle. 

To Determine the Capacitance of an Electrometer and its 
Connexions.— Let E, Fig. 384, be the electrometer whose needle 
is maintained at a high potential (100 V.) by means of a battery A. 
It will be supposed that a fixed air condenser, G', is permanently 
connected in parallel with the electrometer. Let Cq be the 
capacitance of this system : its value can only be found experi- 
mentally. The key Kq enables the second and insulated pair of 
quadrants to be earthed when necessary. This key consists of an 
insulated piece of wire bridging two holes drilled in blocks of paraffin 
wax and containing a small quantity of calcium chloride— Fig. 
384 (6). After a short exposure "to the atmosphere the chloride 
becomes moist and conducting, Tbe insulated quadrants may be 
connected by closing the key Kj to one pole of a battery B, the 
other pole being earthed. G is a standard parallel plate air con- 
denser : one plate is earthed while the other may be connected 
to the insulated quadrants of the electrometer by closing the 
key K^. Let Kg be open and closed, the deflexion of the electro- 
meter needle being 6 ^, If Q is the charge on the insulated quadrants 
and the connexions to them, G©, their capacity, is given by 
Q-CoV-aCo0,. 
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where V is the potential difference applied and a a constant. When 
Kj is opened the deflexion is unaltered if the electrometer is in 
working order, but on closing the key Kj the deflexion is reduced 
to 6t, the charge Q being shared between the capacities Go and 0. 
Then 

Q = a(Co + C)0,. 

(Co + C)0, = Co0„ 

' To Determine the , Capacitance of a Small Condenser, a 
Standard Air Condenser being Available. — Suppose that, the 
Gapacitance of the electrometer has been determined as above— 
we shall find it desirable to make this as small as possible and 
hence the plates of C' should not be close together. Let Ci, 
Fig. 38-5, be one condenser of known capacitance and a second 



Fig. 38*4. — Capacitance of a Quadrant Electrometer and its Connexions. 

condenser arranged so that it may be connected in parallel with 
Ci- Keys Kq, and Kg are arranged as shown. 

Let K 0 and be closed so that Ci, C and the insulated quadrants 
are raised to a potential V, viz. that of the cell B, and let 6i be the 
electrometer needle deflexion. Then, with the previous notation, 

Q = a(Ci + Co)6i. 

Now let Kj be opened and K 2 closed so that the above charge is 
shared with Cg. Then , 

Q == a(C2 + Cj + ^0)02* 

Since both Cl and are known, Cg may be determined : in fact 

C2 == (Cl + Co)--g~ 

If Cq is small compared with Ci, 

” ^2 
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Ebonite or Glass.-— If Ci and C^ ..are 
two condensers exactly alike so fliat their capacitances are tlie same : 
' wheii air is the dielectricj the permittivity k of a solid may be found:' 
by selecting the size of the sohd 'so that it just completely fills the ■ 
space between the plates of. the condenser Cg. The two condensers 

0 

may be compared as above when the ratio ^ gives-the permittivity : 

or dielectric constant of the solid, since C 2 = kC^. 

If the above adjustment caimot be made, or if cannot be 
neglected, the following method may be used. 


Boltzmann's Method for Determining the Dielectric Constants 
of Solids. — This method resembles an earlier one due to Faraday. A 
parallel plate condenser is used and the substance under test is in the 
form of a parallel slab. Let G^, Fig. 38*5 (a), be a fixed air condenser. 
Its lower plate is earthed while its upj)er plate is connected to the 
insulated quadrants of the electrometer E. By means of a key Ko 
this part of the system may be earthed when necessary : when 
is open and Ki closed the system is charged by means of the cell B, 
arranged as shown. Cg is the experimental condenser arranged as 



Fig. 38*5. — Boltzmaa’s Method of Deteriiiiiimg the Permittivity 
of a solid. 


shown; initmlly it is uncharged. It may be connected in parallel 
with Ci and the electrometer by closing the key Kg. Let 0^ be the 
steady deflexion of the electrometer needle, the chaigip,g wire havdng 
been removed. By closing Kg the charge on and the electrometer 
is shared with Cg — let the steady deflexion of the electrometer needle 
be 03 under these conditions. Let Q be tlie value of the charge on 
the condenser and the insulated plates of the electrometer. If V 
is the potential difference across the cell, then 

Q - (Co)V aCo0x, 

where is the capacitance of the electrometer and its connexions. 
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When; tK© ' charge is shared with Cg, we 'have: ■ 

Q “ <x(Co “I" ^^ 2 )^ 2 * 

The slab of material under test is then placed in as indicated 
in Fig. 38*6 (5 ) . The distance apart of the condenser plates is then 
altered to iJg until the deflexion of the electrometer needle is again 
when the charge on and the electrometer is shared with the com- 
pound condenser. Its capacity must then be Cg. The following 
analysis shows that the dielectric constant of the matei'ial of the slab 
may b© calculated without any knowledge of the values of Co or 0^. 

Let be the distance apart of the plates of the condenser Cg when 
the dielectric is air: let iSg be this distance when a slab of uniform 
tliiekness d is introduced and the capacitance of this compoimd con- 
denser restored to its initial value. In this latter instance let E be 

■E . 

the electric intensity in the air; then — is the electric intensity in 

the dielectric. Hence V, the potential diffei’ence across the condenser, 
is given by 

V = - d) + ®d! = e[<, - d(l 

Now E = 4:7ta, where O' is the surface density of the charge on the 
positive plate of the condenser. The capacitance per unit area of 
the compound condenser is therefore 

If A is the area of each plate of the condenser, its capacitance is, 
so far as end- effects may be neglected, 

A 

A 

But this is equal to Gg, viz. if end effects are neglected. 

••• 

d 

or' ' tc = — — — j- 

d — (t^ — h) 

\ The Measarement of a Small Electric Carreiit.— If two 
plates of an air condenser are maintained with a potential difference 
across them, and the air between them is exposed to the action of 
X-rays , or other ionizing agent a small current flows between the 
plates. This current is too small to be detected by a galvanometer. 
One/method of measuring such, a current is as follows A wery 
high resistance: E, , Fig. • 38*6, is'^ joined in, series with 'a, battery 
of from 30 to 300 volts or more and a condenser C. When the 
air between the plates of the condenser is exposed to X-rays a 
cuirent flows in this circuit, thereby creating , 'potential differ^ 
ence between the ends of: E . These are'^'Co,nnected to the, opposite 
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pairs of quadrants of an electrometer and tiie steady deflexion 
of the needle is recorded. Let this be Yhe electrometer is 
calibrated by placing a Daniellcell [LOS volts] across its diagonaly 


I 



Fia. 38-6. — Measurement of an Ionization Current. 


opposite quadrants. Let the deflexion be 6^. Then the P.D 


corresponding to 6 j is L08 x current in the circuit is 

therefore X ^ amperes if R is measured in ohms. For the 

It Ug 

experiment to be successful R must be of the order 10^® ohms. 


The Electrophorus. — This simple piece of apparatus, originally 
devised by Volta, enables an almost infinite number of charges to 
be obtained from a single initial charge. It consists of a brass plate 
attached to the under surface of a disc of ebonite. This plate is 
termed the sole. A second brass plate, to which there is attached 
an insulating handle, rests upon the upper surface of the ebonite ; 
usually this plate is smaller than the ebonite. A negative charge 
is given to the ebonite by rubbing it with fur when the lines of 
force are somewhat as shovm in Fig. 38-7 (a). [In the ebonite 
they are lines of electric displacement, cf. p. 712]. The metal 
disc is then brought near to the charged ebonite surface : actually 
it is allowed to touch the surface, hut owing to the irregular nature 
of the surfaces, contact is made between them only at a few points. 
The negative charge on the ebonite charges the metal disc by 
induction : the field is shown in Fig. 38-7 (6) when, for convenience, 
the distance between the insulated brass disc and the upper surface 
of the ebonite is greatly exaggerated. The upper disc is then 
earthed, so that the induced negative charge escapes to earth — 
cf. Fig. 38-7 (c). When the plate is raised as in Fig. 38*7 (i) it 
retains its positive charge, which can be transferred to a suitably 
arranged condenser. The process is then repeated. It is some- 
times necessary to renew the charge on the ebonite, since the 
initial charge is slowly dissipated especially if the humidity of the 
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air is high. The lahom* of touching the second brass plate with 
the finger at each repetition of the above process may be avoided 
by having a brass pin passing from the sole to the upper surface 
of the ebonite so that it touches the plate each time it is placed in 
position on the ebonite. This permits the negative charge (the 
electrons) to escape to earth and the state of affairs is as shown 
in Fig. 38*8 ,(e). 

Since the original charge on the ebonite is not diminished' by the 
above process it is of interest to inquire the source of energy. It 
is found that more work is required to lift the plate when it is 
charged, for it is then necessary to overcome the force of attraction 
between the charge on the ebonite and that on the plate which is 



(c) ' (d) 

Fia. 38-7. — ^Th© Electrophoms, 


raised. Hence the source of energy is the extra mechanical work 
done when the plate is charged. 

The part played by the metal sole is somewhat as follows. The 
negative charge on the ebonite induces positive and negative elec- 
tricity on the sole, but the latter escapes to earth if the instrument 
lies on a table. The . positive electricity on the sole causes the 
negative electricity on the ebonite to penetrate slightly into the 
interior of the ebonite and thus diminish the rate of loss of the 
charge' on the ebonite. ■ 

The Wimshurst machine described below is an agency whereby 
the turning of a handle causes the various stages of the process 
just described to he repeated cyclically. 
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The Wlmshurst MacM»e. — ^The type of influeace macMae 
most freqaently ased consists of two glass plates, 
been vamislied with shellac. Tinfoil strips are placed radially 
on the outer sides of these two plates; these plates are capable 
of being rotated in opposite dii-ections aboat a horizontal axis. 
The manner in which' such a machine is used is best explained 
by : means of Fig. 38*8, in which the ' plates are replaced by 
cylinders. Suppose that the rotation of the cylinders is in the 

direction of the arrows; 
further, let us suppose that 
the tinfoil carrier A has 
acquired a small positive 
charge. When A is opposite 
B, which is connected to D by 
means of copper wire brushes 
supported at the ends of a 
brass rod, then a negative 
charge is induced on B whilst 
D acquires a positive charge, 
since B and D really form one 
conductor. These charges are 
separated when the contact 
between the brushes and the 
discs on which the charges 
have been developed is broken. 
The negative charge on B, moving towards the left, induces a 
positive charge on C, and a negative one on E. Thus all the strips 
on the upper half of the outer cylinder acquire positive charges, as 
do also the strips on the lower half of the inner cylinder. These 
positive charges pass the collecting combs on the right-hand side of 
the diagram. These combs are sharp metallic points connected to a 
knob Fj the potential of which is raised as the charge which the 
combs collect increases. Similarly the smaller knob of the machine 
acquires a negative charge, so that when the potential difference 
between the two knobs is sufficiently great a spark passes between 
them. 

The amount of charge collected in the process is small, although 
the difference in potential between the knobs may rise to 200 e.s.u. 
or 60,000 V. To increase the charge, the capacitance of the system 
must be increased. For this purpose two Leyden jars have their 
inner coatings connected to the discharge knobs while their outer 
coatings are earthed. These condensers are represented by and 
Cg in Fig. 38*8. 

The Condensing Electroscope.— The ordinary gold-leaf electro- 
scope is only suitable for the detection of high voltages. If its disc is 


Fig. 38 - 8 . — The Principle of a 
WimBhiirst Machine. 
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connected to tlie one electrode of a battery, tbe other being earthed, 
then nO: deflection of the leaves is observed-— the applied potential 
diflerence is too small. The so»caUed ‘ condenser efifect,* viz. the 
raising of the potential difference between the plates of a charged 
condenser when the distance between them is made greater, may 
be used to increase the sensitivity of the electroscope. In this 
instance, the condenser consists of two metal plates A and B, 
Fig. 38*9 (a), each about 20 cm. in diameter and insulated from 
one another by a sheet of recently dried paper D. Ais connected 
to earth while B is in metallic connexion with the disc E of a gold 
leaf electroscope, ' whose outer case is earthed as usual. X is a 



Fig. 38-9. — An Experiment with a Condensing Electroscope to show that 
there is a Potential Difference between the Terminals of a Voltaic Cell. 

battery, one of whose terminals is connected to earth, the other 
being joined to a wire, Y, to which is attached a stick of sealing 
wax H ; this serves as an insulating handle. When Y touches E 
the difference of potential between the plates of the condenser is 
equal to that between the poles of the cell, but the leaves of the 
electroscope do not diverge. The contact between Y and E is 
then broken and the plate B raised by means of an insulating 
handle attached to it — cf. Fig. 38-9 (6). The leaves of the electro- 
scope diverge through a considerable angle showing that there is 
now a large difference in potential between them and the case of 
the instrument ; this is because the capacitance of the condenser 
has been diminished some hundredfold while the charge on each 
of its plates reraains (except for induction effects) constant. 
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A blank experiment should always be performed to test whether 

or not the . condenser is charged initially. If it is, it may be dis- 
charged by allowing a bunsen flame to pass rapidly over the paper, 
or by exposing it to X-rays. 


EXAMPLES XXXVni 

1. — Describe a quadrant electrometer. For what measurement is it 
specially suited ? 

2. — How may the dielectric constant of ebonite be determined ? 

3. — A small current flows through a resistance of 10^® ohm., the 
ends of which are connected to opposite quadrants of an electrometer. 
The deflexion is 120 scale divisions. When a Daniell cell [e.m.f. 1*08 
volt.] is connected- across these quadrants, the deflexion is 80 scale 
divisions. What is the magnitude of the current ? 

4. — ^Describe and give the theory of a ‘ trap-door ’ electrometer. 
Calculate a value for the measured puli on an attracted disc of radius 
5 cm., when the insulated plate is 2 mm. away from it and at a potential 
of 600 volts, 

5. — What is meant by electrostatic induction ? Describe the 
electrophorus and explain how it acts. What is the source of the 
electrical energy which may be given to a Leyden jar by means of this 
instrument ? 



CHAPTER XXXIX 

THE PROPERTIES OF A MAGNET 

In many parts of the world there is found a certain oxide of iron, 
called magnetite or lodestone Mayvfjrig], which has the 

property of attracting iron filings. The ore is said to possess 
magnetism. The name is familiar to all, and yet nobody knows 
what magnetism really is — the term, like so many others, being 
really a confession of our ignorance with regard to things which 
are fundamental. A piece of lodestone, EcaO^, is a natural 
magnet ; the piece of iron which it attracts becomes a magnet 
too and is called an artificial magnet, smce it now also possesses 
this remarkable property called magnetism. In these days lode- 
stone is never used for experimental purposes, since artificial magnets 
can be made which are very much more powerful ; but the two types 
of magnets have identical properties, although the degree to which 
this property of magnetism is possessed is very difierent. 

Some Preliminary Definitions. — ^When an artificial bar 
magnet is dipped into iron filings and withdrawn, it is found that the 
filings adhere most strongly near the ends of the bar ; these regions 
in which the effects of magnetism are greatest are called the poles 
of the magnet. The longer the bar in comparison with its thickness, 
the more nearly do the poles approach the ends of the magnet. 
When a ball-ended magnet, consisting of a steel rod on the ends 
of which steel balls have been screwed, is magnetized, it acts 
like a simple magnet with poles at the centre of the balls. 

If a steel knitting-needle after being magnetized by stroking it, 
always in the same direction, with the poh of a bar magnet, 
is suspended at its centre by a silk thread, then, when a bar magnet 
is brought near to the needle, the latter moves. If the end of the 
bar magnet which was used in the process is brought near to the 
end of the needle which it finally left, the two are attracted together ; 
placed at the other end of the needle the two are repeled. Evi- 
dently the poles of a magnet possess dissimilar properties, i.©. there 
are two types of magnetism ; it is found by experiment that 
poles repel one another, while dissimilar poles attract one 
another. Since, ' however, ^a magnet will; attract' a piece:.^of 
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"'linmagnefe^ it follows that repulsioB is the only sure 

test for ^'magnetism. The reason .for thk is '..given later [cf* 

When the -suspended needle is displaced from its position of rest 
it continues to execute oscillations for some time, but when these; 
have died down the needle points in its original direction, ■ It is 
natural to assume that there are some external forces attracting 
the ends of the magnetized needle. These forces are due to the 
earth's magnetism, for the earth itself behaves as if it were a large 
magnet. It is an experimental fact that a suspended magnet 
points in a direction which is not far removed from that of the 
geographical north and south. Tins fact was appreciated by 
De. Gilbbet, a physician to Queen Elizabeth. The end of the 
needle which points towards the north is called the ■nofth'-seeking 
pole or north-pole of the magnet, the opposite end is the south- 
seeking pole ; the kind of magnetism which is present at one pole 
of a magnet is referred to as the north-seeking magnetism [or 
positive magnetism]^ while the other is the south-seeking [or 
negative] magnetism. 

The position has now been reached when the results of the above 
experiment can be stated more explicitly. If the north pole of a 
magnet is caused to pass along a needle, the end of the needle which 
is last in contact with the magnet acquires south-seeking magnetism ; 
the other end is magnetized positively. 

If a piece of clock-spring is magnetized by means of another 
magnet it too becomes a magnet, and has two poles near to its 
extremities. Suppose now that such a piece of spring is stroked 
with the positive pole of a magnet starting from the middle and 
going, in turn, to each extremity. Both the ends are magnetized 
negatively, whilst there is a positive pole near to the centre of the 
spring. Such an arrangement may be regarded as a double magnet 
with the positive pole of one in contact with that of the other- 
two adjacent like poles in a magnet constitute what is generally 
termed a consequent pole. 

If a magnet is brought near to a small pivoted magnet— usually 
termed a compass needle — the small needle is deflected from its 
position of rest. Tins must be due to external forces, and it is 
natural to suppose that the large magnet is responsible for them. 
The region in which the influence of a magnet can be detected 
is called a magnetic field; obviously, .the more sensitive the 
detecting instrument the larger the field which can be observed. 
Hence, mathematically, it is correct to regard the field of a magnet 
as infinitely large ; practically, it is confined to a small region near 
the magnet, for its influence cannot be detected beyond these 
confines. 
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IndBced Magiietisin.~-Let NS, Fig. 39*1, be a bar magnet Bnp- 
ported yertically in a clamp. If a small piece of steel is placed near 
to S it is attracted by the magnet and ii 
allowed to ■ come sufficiently near remains 
clinging to the magnet when its support is 
withdrawn. A second piece may also be 
supported in a similar w^’ay if placed below' 
the first small piece providing the magnet is 
strong enough. On detaching the fii*st small 
piece of steel carefully the second will remain 
• in, contact with' it. If, the experiment is 
repeated without allowing the steel to come 
into contact with the magnet the steel will 
again become magnetized, only to a less 
extent. 

The piece of steel magnetized in the above 
manner is said to have been magnetized by 
induction and the magnetism in it is referred 
to as induced magnetisms although there 
is no fundamental difierence between it and 
that possessed by the larger magnet. Ex- 
periment shows that the nearer ends of the exciting and the excited 
magnet are opposite in polarity. This fact is readily verified by 
using the test of magnetic repulsion. 

Permanent and Temporary Magnetism. — If the experiment 
described above is repeated with pieces of soft iron instead of steel, 
the pieces will still be attracted by the magnet, but when they are 
removed from the influence of the exciting magnet they will no 
longer remain together. The reason for this is that soft iron loses 
the greater part of its induced magnetism when removed from the 
presence of the inducing magnet. The magnetism it had whilst 
in contact with the magnet is termed temporary, while the 
magnetism it retained when withdrawn from the magnet is called 
permanent. In steel the temporary magnetism is practically 
equal to its permanent magnetism, but with iron the two are 
widely different. 

The 'Demagnetizing Effect of Magnetic Poles,— The pheno- 
menon of induced magnetism explains the demagnetizing effect of a 
magnet on itself. When the magnet is in the form of a bar the 
magnetic force in the bar tends to magnetize, by induction, the 
material at the centre of the bar. The polarity of this magnetism 
will be such that south-seeking magnetism is towards the north pole 
of the magnet and north-seeking towards the south pole, so that the 
distribution of the' induced magnetism is exactly opposite to that 
of the magnet itself. This seK-demagnetking effect is greatly mini- 




N 
^ 

l 


I 








Fig. 39-1.— Induced 
Magnetism. 
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mized by the use of soft iron ‘keepers ’ placed across the ends of 

pairs of magnets as in Fig, 
39-2. 'With, magnets ■ bent 
to form an almost closed 
ring the demagnetizing effect 
is automatically reduced 
since the opposite poles are 
so close together that the 
field due to them at the 
centre of the magnets is 
comparatively small ; consequently its inducing action is small 
The Making of Magnets. — The inducing action of a magnet on 
a piece of steel is utilized in constructing small magnets. The three 
usual methods are known as those of single touch, double touch, 
and divided touch. A description of them will be found in more 
elementary books than this. These methods are not suitable for 



the construction of powerful magnets. To produce these, use is 
made of the fact that when an electric current is passed through 
a coil of wire wound round an iron core the iron becomes a very 
strong magnet, the combination being termed m. electromagnet. 
A modern form of electromagnet is shown in Fig. 39-B. The core, B, 
of the magnet consists of special soft magnet steel 2*5 in. in diameter. 
The two halves of the core are screwed into an iron base and each 
is surrounded by a coil of copper wire. A, B, C, and D are four 
terminals, the battery being connected to A and D while a piece 
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of wire connects, B to C. The' distance between' tbe poles, PP, 
may Be varied. The field may be so strong that all iron parts must 
be securely screwed in position before the magnet is excited. When 
the semi-angle of the pole pieces is about 55® the strength of the 
field is a maximum for a given current, while if flat poles are used 
the uniformity of the field is greatest. 

To produce a strong permanent magnet the piece of steel is placed 
S 3 mimetrically in a solenoid as in Pig. 39*4. The electrical circuit 
consists of a key K and a fuse P, this being a piece of wire which 
melts when the current through it exceeds a certain value, say 10 
amperes. The terminals A and B are connected to the mains 
suppl 3 dng direct current. On pressing the key K a momentary, but 
very heavy, current flows. The fuse is blown and the circuit 
becomes dead, but the current has caused the steel to become highly 
magnetized. 

The Removal of Magnetism. — ^It is very frequently necessary 
to remove the magnetism from a magnet. If a body ofily approxi- 
mately free from magnetism is required, the magnetism may be 
destroyed by hammering the specimen or allowing it to fall on the 
floor, i.e. the specimen must be subjected to mechanical shocks. 



Fia. 39*4. — The Making of a Fia. 39-5.- — Airangement for Demagnet- 
Permanent Magnet. izing the Mainspring of a Watch. 

A more efiective means is to raise the magnet to a red heat : on 
cooling, the specimen will be found free from magnetism. Some- 
times, however, as for example when the main-spring of a watch has 
become magnetized, it is not possible to demagnetize the specimen 
in the above ways. The following arrangement [of. Pig. 39*6] is 
always effective. AB is a trough containing a saturated aqueous solu- 
tion of zinc sulphate [any other conducting solution will serve], the 
trough being tilted so that the bottom of the trough is only partly 
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coTCred. Two 'eleotoodes dipping into tHs solution are oonneGted 
througli a solenoid, S, and a key, K, to a source of alternating 
'current, MN; ; The watch or other article is placed inside the 
solenoid.,' The two electrodes, ' after being brought near together 
so that a large current passes in the circuit, are giadually moved 
farther apart so that ultimately the current is reduced to zero when 
the' specimen wiE be demagnetized. Eor the reason for, this cf. 
Chap. L. To be quite certain that the current has been brought 
continuously to zero it is advisable to splash the solution about in 
the trough before commencing operations. The moving electrode 
is finally brought out of the solution by dragging it along the bottom 
of the trough so that only a very thin film conducts the current. 

An alternative method of demagnetizing the main spring of a 
watch is as follows. An electromagnet with a straight iron core 
is energized from an a.c. supply : the spring is brought up very 
close to one end of the magnet, so that it lies in a fairly strong 
alternating magnetic field, and it is then slowly withdrawn to a 
region where the magnetic field is inappreciable. During this 
procedure the spring is subjected to an alternating magnetic field 
decreasing practically to zero strength so that the spring becomes 
demagnetized. 

Paramagnetic, Diamagnetic, and Ferromagnetic Sub- 
stances •*— In 1845, Eaeaday showed that many substances were 
afiected by a magnetic field. Solid specimens were suspended by a 
long and very fine suspension between the poles of an electromagnet. 
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Fig. 39'6. — Paramagnetism and Diamagnetism. 

When the current was passed Faraday found that all substances 
could be divided into two classes. The members of the first class 
arranged themselves so that their lengths were parallel to the field 
while the others set in a dii’ection at right angles to the field. These 
two types are indicated in Fig. 39*6. Faraday called the two classes 
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pammagnetics and diamagnetics ■ respectively. ' Wiien subject-' 
ing liquids and gases to this test they were enclosed in narrow glass 
tubes:, the results were, of course, corrected for 'the magnetic 
character o,f the glass. 

The first : or paramagnetic class comprises substances such 
as iron, steel, cobalt, nickel, tungsten, aluminium, manganese, 
and chromium, while bismuth, zinc, copper, lead, and tin are 
diamagnetios. 

Of all the paramagnetic bodies, iron, steel, cobalt, nickel, 
permalloy, mumetal, and certain alloys known as Heusler’s alloys 
[of. below], possess the property of becoming very powerful mag- 
nets — they are said to he ferromagnetic substances. In fact, the 
degree of magnetism possessed by all other substances is so small 
that it is usual to regard them as non-magnetic, although, strictly 
speaking, all substances, including gases, are magnetic. 

It has also been found that feebly paramagnetic substances 
behave like diamagnetios when they are placed in a more highly 
magnetic medium. For example, if a glass tube containing a weak 
aqueous solution of ferric chloride [FegCie] is placed in a strong 
magnetic field the tube comes to rest along the lines of force, but 
if it is supported in a stronger and therefore more highly magnetic 
solution of the same salt it comes to rest in a direction perpendicular 
to the field. 

Alloys having some Peculiar Magnetic Properties. — ^In 1892 
it was found that although ferro-manganese and ferro-aluminium 
are only paramagnetic, certain alloys containing about 12 per cent, 
of iron, the remainder being aluminium and manganese, are ferro- 
magnetic. A year later Huxjsleb. showed the addition of aluminium, 
tin, or arsenic, in certain proportions, to an alloy of copper and man- 
ganese formed a ternary alloy ^ which was ferromagnetic. The 
oopper-manganese-aluminium alloy is the best known of these 
Bo-csiXied Heuslefs alloys. 

The Heat Treatment of Steel for Use as Magnets. — When 
steel is heated to a brilliant red heat, and afterwards quenched by 
plunging it into water, or oil, it becomes very brittle and is known 
technically as glass-^hard steel. On raising the temperature to a 
very dull red heat the steel assumes a straw tint ; if the hearting is 
continued the tint becomes hlnc. Such steel is said to have 
become by heat treatment. It is found that steel 

tempered down to a blue tint retains its magnetism better if used 
in the construction of magnets having a length more than twenty 
times their diameter. On the other hand, short magnets have 
greater retentivity if made from the glass-hard variety of steel. 

^ An aUoy having three main constituents. 
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Cobalt -stee! Magnets. — Wben a powerful magnet is brougM 
near to soft iron filings these become magnetized by influence. If, 
now, a powerful magnet is brought near to a weak one so that like 
poles are nearest together, ’ the induced magnetism^ in the feebly 
magnetized needle is greater than that originally, present, so that 
attraction ensues. Cobalt-steel magnets are such that the induced 
magnetism is ' generally small compared with , the permanent 
magnetism. , This enables magnetic repulsion to be demonstrated. 
An experiment has been described recently in which one magnet is 
made to ‘float* in air like Mohammed’s cofiin. A cobalt-steel 
magnet, about 10 cm. long and 0*5 cm. diameter, is placed between 
two parallel and vertical pieces of glass, on a table. If a second 
cobalt-steel magnet is placed above the first one so that like poles 
are together, a considerable force of repulsion is experienced ; if 
the second magnet is released it is seen to float. The glass walls 
simply serve to prevent the floating magnet from rotating when 
unlike poles would be brought nearer together and attraction follow. 

A Magnetic Balance for Investigating the Inverse Square 
Law for Magnetism. — This apparatus was originally invented 
by Hebbeet, but in its simplest form has many disadvantages, the 
chief one being that the effects of four poles have to be considered. 
Bateman has considerably improved this balance, the principle of 
which is as follows. AB, Fig. 39*7 (a), is a ball-ended magnet 



Fig. 39 '7. — -Magnetic Balance. 


pivoted about a horizontal axis through the centre of A. It is 
counter-balanced by a brass rod R, and a small rider of mass m 
which may be moved along the rod. To mark the initial position 
of B a small brass pointer is fixed to it and the position of m is 
adjusted until the above pointer is opposite a fixed fiducial mark F. 
CD, Fig. 39*7 (h) is another ball-ended magnet placed in a plane 
perpendicular to the vertical plane through AB, and in such a 
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position that G is vertically above B while B is in the horizontal 
plane through the centre of B. Suppose that B and 0 are like poles 
of strengths and Let the centre of C be f cm. from the 
zero on a vertical scale S, this zero being d cm. above the centre 
of B — d is unknown. The force of repulsion between G and B is 

if the inverse square law is true. G exerts a force on A 

(r + df 

and B one on A and B, but these forces cannot affect the equilibrium 
of AB owing to the manner in which the poles are arranged. Thus 

AB experiences a moment — — ^-^ .AB and B tends to move 

downwards. Let AB be restored to its zero position by movhig 
w from Xj to X 2 a distance x along AR. Then, for equilibrium, 


mgx = 




or 


.AB, 

&2(say). 


(r + 

x{r + == constant : 

(y + dJ) = kx'^i. 

If therefore we plot x-^ against r [ct Pig. 39'7 (c)], we should 
obtain a straight line if the inverse square law is valid ; the intercept 
on the 2 /-axis being — d. 

The above method of investigating the inverse square law for 
magnetism is of recent date — the apparatus is only used for teaching 
purposes. Historically, Gotjlomb used the torsion balance to in- 
vestigate the above law ; about 1833 Gauss made some very careful 
measurements in connexion with this law — ^his work will be described 
later [of. p. 766]. 

Pole-strength.— If two magnets exactly alike were placed at 
GB, the force of repulsion would be doubled ; three magnets and 
the effect would be trebled. When these results are contemplated 
one is led to conceive of the idea of a quantity of magnetism, or 
■pole strength of a magnet. Experiment shows that if two poles 
of strength m andm' respectively, are separated by a distance r, 

then P, the force acting on either pole, is proportional to — 

This may be written P =: a . where a is a constant, arbitrarily 

chosen as unity for a vacuum [or air]. Thus, in air, P = 

This equation is really very important, for it is the basis from 
which the definition of a unit pole or unit pole-strength is derived. 
The unit north-seeking [positive] pole, or unit south-seeking 
[negative] pole, is that pole which, when separated in air by a 
distance of one centimetre from an equal pole, is repelled 
by a force of one dyne* 
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Also if: a unit pole at a distance of 1 'em. in, air from, a 
' 'pole: of a magnet experiences a force m dynes due to that 
'pole,„alone9 then the magnet has a pole strength /m.: 

Magnetic Field Strength , or Magnetic 'Intensity .—The 
strength of a magnetic field or the magnetic intensity ' eut 
Sb point is inimerically equal to the force in dynes which a unit 
positive pole would experience if placed at that point, it being 
assumed that the introduction of the unit pole does not alter the 
configuration of the field. Since the introduction of a unit charge 
into a field would disturb that field, it is better to define the magnetic 

field strength, li, by the equation H == lim — , where dF is the 

dm->o om 

small force experienced by a quantity of magnetism dm, introduced 
into the field at that point where the magnetic intensity is being 
considered. Moreover, this equation shows that the dimensions 
of magnetic intensity are not those of a force, but those of a force 
divided by a pole strength. The unit of magnetic intensity is the 
oersted^ and a magnetic field is said to have unit strength when 
the force acting on a unit positive pole in it is one dyne. To deter- 
mine the magnetic intensity due to a pole of strength m at a point 
distant r from it we imagine that a unit positive pole has been 
placed at the point in question. The force of repulsion between 

the two poles is this gives the magnitude of the 

intensity ; its direction will be along the line joining the two poles 
and its sense away from the pole m, if this is positive. 
Alternatively, if a small positive pole dm at a point distance r 

r • r s-o 4.1. f-w . d¥ m 

from m, experiences a force oF, then oF , i.e. 

[The sense of the magnetic intensity is given by the sign of dP.] 
Since is the limiting value ^be magnetic intensity 

at the point considered. 

In general, magnetic field strength or magnetic intensity will be 
denoted by the symbol H. The symbol Hq wiU be used to denote 
the horizontal component of the earth’s magnetic field : its vertical 

, component is ■ Hy.. ' 

' JB Line® ; of 

Force.— Let ':Fig.„ 
/ . \ 39*8, be a point in 'a 

, ' \ magnetic • field.'' Com- 

/ \ mencing at 0 let us move 

Of 39-8, E a short distance OA in 

the direction of the mag- 
netic intensity at 0. To avoid this somewhat long expression 
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we frequently say that we have moved in the direction of the 
held at 0, From A let us move another short distance in the 
direction of the field at A, and so on* In the limiting case when 
the short distances become infinitely small the broken curve 
becomes continuous and it has the property that the tangent at 
any point on it indicates the direction of the field at that point. 
Such a line is called a line of force. If a unit pole were placed in 
a field and released it would move along a line of force provided that 
sufficient frictional forces were present to prevent it acquiring an 
apprecip/ble amount of momentum. To plot the lines of magnetic 
force due to the combined efiect of a bar magnet and the earth^s 
field a small compass needle is placed in the field and the positions 
of its extremities indicated by dots. The needle is then moved to 
such a position that its S-pole comes to rest over the point previously 
occupied by its N-pole. Another dot is obtained and the process 



continued. The curve is obtained by joining successive dots 
together. Such a method can only be used when the lines of force 
are not sharply curved, for a compass needle of finite length neces- 
sarily lies along the tangent to the line of force at its centre, and 
in the above process of plotting a field it is tacitly assumed that 
the tangent coincides with the Mne of force over a length equal to 
that of the needle. 

A very rapid and interesting way of showing lines of magnetic 
force consists in laying a piece of sensitized paper on the magnet and 
sprinkling over it some iron filings, a process which is most readily 
accompKshed by stretching a piece of coarse muslin over the mouth 
of a bottle containing the filings, and using it as a pepper-box. By 
gently tapping the paper the filings are caused to arrange themselves 
along the fines of force. The paper is then exposed to sunlight, the 
filings are removed, and a permanent record is obtained by fixing 
the paper in the usual way. 
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, , The' distributioB of the lines of force by means of iron filings is 
shown in Fig. 39*9 (a) and (6). In (a) the keeper has been removed, 
while in (6) the keeper has been placed near to the poles. The 
marked absence of the lines of force above the keeper shows that the 
lines of force prefer to follow the path through the soft iron rather 
than through the air.^ . 

Uniform and Radial Magnetic Fields. — A magnetic, field is 
said to be uniform when the magnitude and direction of the strength 
of the field are constant at all points in it. 

When the direction of the field strength has a common origin 
the field is radial, e.g. the magnetic field due to a single pole. The 
term is also applied to magnetic fields in which the direction of the 
lines of force at all points in it originate on a straight line. In 
each instance the field has the same numerical value at points 
equidistant firom the point or line origin. 

The Effects of Magnetism on Chronometers. — The accuracy 
of an ordinary watch, having a bimetallic [steel and brass] balance 
wheel and a steel hair-spring, is greatly affected by magnetism. 
When placed in a strong magnetic field the steel portions become 
magnetized and the period is affected since the earth’s magnetic 
field exerts an additional couple on the wheel. Moreover, the hair- 
spring may he drawn out and touch the wheel. The watch then 
behaves erratically, and it must he demagnetized. 

An elinvar balance wheel [cf. p. 168] is left uncut, and although 
it, may be magnetized, it loses the magnetism on being removed 
from the field. The magnetic conditions of balance-wheel wheels 
and hair-springs made (a) of elinvar, (b) in the usual manner, are 
indicated in Fig. 39*10 and 39*11. 

Verification of the Inverse Square Law. — By constructing a 
line of force due to a bar-magnet placed in a horizontal position in 
the earth’s field the inverse square law may be verified as follows : — 
By means of a compass needle draw the lines of force due to the 
horizontal component of the earth’s field alone—they are represented 
by the parallel lines H in Fig. 39*12. Next place the magnet in any 
convenient position and construct several lines of feree, one of which, 
viz. NFS, is shown. The point P is selected where the line of force 
is parallel to the earth’s horizontal field. If this condition is com- 
plied with, the direction of the total field at P due to the magnet alone 
must also he parallel to the lines H. But we can determine the 
direction of the field at any point due to the magnet alone as 
follows: — Let PN and PS be called and fa ^^^spectively. Then 

^ The 'line of force’ is purely a mathematical concept, but it is of such 
use in explaining magnetic phenomena that we wonder it does not corre- 
spond to some reality and we talk as if it does. 




Fig. 39*11. — ^Magnetic Conditions of Main-Springs. 
A. Eiinvar. B. Steel. 
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the total field at P due to NS alone has two components, numerically 

equal to, ^ along NP, and ^ along PS. We therefore draw PA and 

PB' proportional to these components and complete the parallelo- 
gram PACE. II its diagonal PC, which represents the total : in- 
tensity at P due to NS alone, is parallel to the lines H the inTerse 
square law will have been verified. ' For the purposes of this experi- 



Fia. 39*12, — Verification of Inverse Fig. 39*13. 


Square Law. 

ment and others — unless ball-ended magnets are employed — ^it may 
be assumed that the poles are symmetrically placed and that 
the distance between them is five-sixths the total length of the 
magnet. Good results are obtained by using ball-ended magnets 
at least 15 cm. long, and choosing the point P so that it is at least 
15 cm. away from each pole. Moreover, the curvature of the line 
of force at P should he small [cf. p. 749]. 

Neutral points, — A neutral point in a magnetic field is defined 
as a point at which the strength of the magnetic field is zero. 
In actual practice the neutral points which are located experimen- 
tally do not, strictly speaking, satisfy the above definition, for they 
are such that at any one of them the resultant field strength due 
to the magnet and the earth has no component in any horizontal 
direction whatsoever, i.e. at such a point the resultant magnetic 
field, if any, is entirely vertical. Such a point should therefore 
be termed a pseudo-neutral point, hut where no confusion arises 
it will, in the sequel, often be designated a neutral point for the 
sake of brevity and in conformity with general practice. 

If a bar-magnet lies with its axis in an E.~W. direction, its 
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north-seekiiig pole pointing west, the lines of force are as indicated 
in Mg. 39*13. At the point A [there is a symmetrically placed other 
and similar point in the part of the diagram not reproduced] it 
will be noticed that a compass needle tends to set in any position : 
A is a neutral point or, better, a pseudo neutral point. In the 
diagram AJ and AK represent the magnetic field strengths at A 
due to the N and S poles of the magnet. The resultant magnetic 
field at A due to the magnet NS is represented by AR, the diagonal 
through A of the parallelogram whose sides are AJ and AK. Since 
A is a pseudo neutral point the above resultant field is equal and 
opposite to Hq, the horizontal component of the earth’s magnetic 
field. It therefore follows that when such a point as A has been 
located the pole-strength of the magnet, NS, may be calculated if 
the value of Hq is known. [In London, Hq == 0*185 oersted.] 
The method is exempMfied in the next paragraph. 

Experimental Determination of Pole -Strengths and 
Magnetic Moments. — (a) If a magnet has its north-seeking 
pole N pointing to the north two neutral points are found on the 
equatorial line of the magnet : they are at equal distances from the 
centre of the magnet, and 0, Mg. 39*14 (a), is one of these points 
at distance T from either pole. The magnetic field strength at 



0 due to NS alone has two components each munerically equal to 

II 0 A and OB represent these in magnitude and direction, OR, 

the diagonal of the parallelogram OARB represents their resultant. 

It is equal to 2*^ cos AOR = 2*^ = where M = 2mL This 

quantity, 2ml, the pole strength X the magnetic length, is termed 
the magnetic moment of the magnet.^ At a neutral point the 
above expi'cssion is equal and opposite to Hq that 

^ The unit of magnetic momeiit is the nnit-pole.cm., or alternatively, cf. 
p. 760 , the erg. oersted."^ 
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. If the direction of the magnet is reversed the neutral points lie on 
the axis of the magnet and it is left as an exercise to the student to 


prove that in this instance M = JHq 




■5 where r is the distance 


of a neutral point from the centre of the magnet. 

{b) When the bar magnet points east and west the two neutral 
points lie on a line inclined to the axis of the magnet. Let 0, 
Fig. 39*14 (6), be one of the neutral points for this position of the 
magnet. If and fg are the distances NO and SO respectively, 
wMle a and jS are the angles these vectors make with the direction 
of Hq, the component in a direction opposite to that of H 0 of the 


m 


m 


intensity at 0 due to NS alone, is ^ cos /S — ■ ^ cos a. Since 0 is a 

neutral point the above component is equal and opposite to Hq, 
so that 


0 = COS /S — ^ COS a, 

and, in addition, 

m , n m . 

—^smp = -j8ina. 

Although this last equation cannot be used to determine m, its 
validity should be verified to show that the position of the neutral 
point has been located correctly. 

If ball-ended magnets are available for these experiments better 
results win be obtained since the positions of the poles are known 
more accurately — ^they are at the centres of the spheres. 



Magnetic Field dne to a Vertical Magnet. 

The Magnetic Field Due to - a Vertical Magnet,— We may: 
obtain some idea of the configuration of the field in this case without 
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resort to actual experiment altliougli, if ntimerical resiiits are to be 
obtained, the field must be plotted in the usual way. If N, Mg. 
39*15 (a), is a single nort-b pole the lines of force are straight lines 
radiating from the pole. If a uniform magnetic field Hq (the earth’s 
horizontal magnetic field) is superposed on tliis, the lines of force in 
the upper half will tend to bend round and become parallel to Hq. 
The lines of force in the lower half will commence similarly to travel 
southwards but will gradually bend round as indicated. In the 
same way the field Hq will also be disturbed as shown. There 
will be a neutral point at 0. Now in actual practice there will 
always be present the south pole of the magnet so that the actual 
arrangement of the lines will be slightly different from that 
shown. But even so there will stiU be a neutral point. Let this 
be distant r from N, Pig. 39*15 (5), which is a section through the 
magnet and the neutral point. The horizontal components of the 

intensity at 0 due to the magnet alone are ^ and cos 0, 

Since these act in opposite directions and 0 is a neutral point we have 


Ho = 


m 


m 


(r2 + 4Z2) 


cos 6. 


Experimental Verification of the Inverse Square Law for 
Magnetism. — ^NS, Pig. 39*16, is a ball-ended magnet placed at 
random on a table. The lines of force are plotted in the usual 
way. Let us suppose that 0 is a neutral point. Then the 



Fio. 39*16. — Esperimental Verification of the Inverse Square Law for 

Magnetism. 

field at 0 due to the magnet alone is parallel to Hq, the horizontal 
component of the earth’s magnetic field, hut in the opposite sense. 

To verify the inverse square law for magnetism, through 0, draw 
OR of any convenient length parallel to Hq but in the opposite 
sense, and through R draw RA and RB parallel to SO and NO to 


m m 
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cut NO produced in A and SO in B respectively. Then OA and 
OB are proportional to the magnetic intensities at 0 due to the 
positive and negative poles of the magnet respectively. If the 
force between two poles in air is inversely proportional to r", where 
» is to be determined, then 

OA = fon/fj" 

and OB = im/r,*, where & is a constant, m the numerical value 
of the pole strength in arbitrary units, and and r, are the distances 
indicated. 

Hence 

9A {^J]\ 

OB ~ \f/ 

or = 

If therefore the above distances are measured and the value of 
the expression log (OA/OB) -r- log (fg/fi) is found to be 2, the 
validity of the inverse square law will have been verified. 

Directional Loci in a Magnetic Field and the Locating of 
Neutral Points. — The methods which have been discussed for 
locating neutral points in a magnetic field are really very ineffective 
since, on account of the finite length of the exploring magnet, it is 
impossible to plot lines of force accurately wlien their curvature 
is considerable. Owm has described the foEowing method. A 
neutral point is located as the point of mtersection of two curves 
each of which is such that at aE points on it the dii-ection of the 
magnetic field in a horizontal plane is the same, Aiij two directions 
may be selected, but it is preferable to have two d.irections mutuaEy 
perpendicular, and in cases where the earth's horkontal magnetic 
field is involved, these two direetioiis should be respectively paraEel 
and perpendicular to this field. Such loci can be determined quite 
definitely since the errors of plotting are aon-cumiilative. As the 
.point of intersectio,!! of two such directmnul loch as they are 
termed, is approached the compo,iient of the field in the chosen 
direction dminishes to zero and, beyond it, changes sign. ■ The 
.' points of intersection are therefore points at wdnch the horizontal 
■ .field strength is zero in any direction, i.e. they are neutral points. 

' The apparatus required to plot directional loci consists, of ' a^ 
, ' sheet of squared paper mounted on a drawing-board, and an ordinary 
smaE compass needle. The paper is adjusted so that the lines on 
. it run. paraMei .and perpendicular to When the magnet has 
been placed in position the compass needle is moved across the 
paper and some point is soon found where the needle is perpendicular 
to .the magnetic meridian. A. shari>ened point of a pencE is held 
firmly, just above the centra of the needle, the needle is removed^ 
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the pencE point moYed straight down on the paper and a dot made. 
Other points are found and the locus drawn. The second locus 
is simEarly constructed. 

Pig, 39*17 shows two directional loci when a short' magnet 
(" Alconiax steel ’) lies as indicated in an E.-W. direction. For 
points on the locus marked (i) the field in the plane of the diagram 
is parallel to the axis of the magnet ; on the locus (ii) the field -is 
perpendicular to the abowe axis. The loci intersect at X which is 
a neutral point (really, a pseudo-neutral point, cf. p, 752) : a simfiariy 
situated neutral point would be found if the lower half' of 
the diagram had been completed. Actual measurements give 



Fia. 39*17. — ^Directional Loci in a Magnetic Field. 


= 11*2 cm. ; fg = ^^* J ^ = 38*75® ; ^ == 31*0®. Assuming 

== 0*18 oersted, we have 

0*18 -i ^Gosoc 2 cos p = 0, 

whence m, the pole strength of the magnet, is 89 unit-pole. 

Also if 21 = 1*8 cm., the magnetic moment of the magnet is 
given by 

M = 160 erg. oersted."”^ 

It is also interesting to note that 

= (0498 - 0-496) X lO-a, 

f z A* is ' 

1 ■ ^3 

= (0*003) X 10-^, 

which is negligible compared with either, term or the Lh.s. of , the 
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equation so that, with due allowance for experimental error, it 
may be considered zero, as theory requires. 

Neutral points in other fields may similarly be located. 

Intensity of Magnetization. — This is defined as the magnetic 
moment per unit volume of a magnet. If the magnet is uniform 
in cross-section, and the intensity of magnetization, J, also uniform, 
then J Is equal to the pole strength per unit area of cross-section, for 

where 21 is the length of the magnet, v its volume, and s its area 
of cross-section. It must be noted that 21 is now the total length 
of the magnet, the poles being at the ends of the rod since it is 
uniformly magnetized. 

The unit of intensity of magnetization is the unit-pole . cm. cm.®, 

i.e. unit-pole. cm. This is identical with the unit of magnetic 
induction [cf. p. 791] and likewise may be termed the gauss, 

EXAMPLES XXXIX 

L — Calculate the force between magnetic poles of strengths 19 (N) 
and 27 (S) respectively when separated by a distance of 10*5 cm. 

2. — ^Find the magnetic field strength at a point 6*7 cm. away from 
a magnetic pole of strength 31*7 unit-pole. 

3. — ^How far away must two like poles of strengths 81 and 64 respec- 
tively be placed so that the force between them may be equal to the 
weight of a 0*60 gm. mass ? 

4. — ^A short bar magnet lies in the magnetic meridian. If there is 
a neutral point 7 cm. from the centre of the magnet calculate the 
magnetic moment of the magnet assiiming the horizontal component 
of the earth’s field to be 0*185 oersted. 

5. ^ — ^Define unit magnetic pole, and explain what is meant by the 
strength of a magnetic field. Give a short account of the molecular 
theory of magnetization. 

6. — ^Describe how, in the absence of any external magnetic field, you 
would proceed to ascertain whether or not one of two identical pieces 
of iron rod were magnetized. 

7. —Describe two distinct tests which can be applied to find out 
whether a steel bar is magnetized. K it is magnetized explain how 
it can be demagnetized and, if unmagnetized, describe fully how an 
electric current can be used to ensure that a particular end of the 
bar shah have north-seeking polarity. 

8. — Describe, with diagrams, the arrangement of a simple circuit 
suitable for the magnetization of a short steel bar. Show on your 
diagram the direction of the current and the north pole of the bar. 

The bar is removed from the circuit after magnetization and placed 
on a horizontal table with its north pole pointing S. Show on a 
diagram the approximate distribution of the lines of magnetic force 
in the plane of the table. If a neutral point occurs at a distance of 
10 cm. from the centre of the bar estimate the magnetic moment of 
'■the. bar. 

[The value of the horizontal component of the earth’s magnetic field 
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Ttie Magnetic Moment of a Magnet* — ^When a small compass 
needle is placed in a horizontal plane and is free to rotate ahont a 
vertical axis passing through its centre it comes to rest in the 
magnetic meridian if no magnetic materials are present and there 
are no strong magnetic fields. If the needle is displaced it tends 
to return to the above position. This motion is caused by two 
forces acting on the poles of the magnetic needle. If Hg is the 



Fia. 40-1.— (o) Couple acting on a Magnet in a Uniform Field when the Axis 
of the Magnet is not Parallel to the Field. (6) Equilibrium of a Magnet 
in two Uniform Fields, mutually perpendicular. 


horizontal component of the earth’s magnetic field and m the pole- 
strength of the small magnet, the force on each pole is ; but 
the sense of each force is different since the pole-strengths are really 
m and — m. Let NS, Fig. 40-1 (a), he a small magnet displaced 
from its position of rest through an angle 0, and let 21 he the length 
of the magnet. 

The two forces mH© constitute a couple, the moment of which 
is mH© . SA, where SA is the perpendicular distance between the 
lines of action of the two forces. But SA = 21 sin 0, so that the 
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moment of the restoring couple is m , 21 . Ho . sin 0 = MHq sin 0, 
where M « 2ml, the magnetic moment of the magnet [the compass 
needle] ' 

This equation shows that the magnetic m.oment, M, of a 
magnet is numerically equal to the couple required to hold 
it in a position at right angles to a unit magnetic field, i.e, 
to a uniform field of strength 1 oersted. More strictly, M is the 
couple per unit field necessary to hold the magnet at right 
angles to a small magnetic field. The unit is the erg. oersted.-^ 

This is a better definition of magnetic moment than that given 
on p, 753 and it enables us to define what is meant by the pole 
strength of a magnet, viz., the magnetic moment of a magnet 
divided by the distance between its poles. 


To Show that a Magnetic Moment is a Vector Quantity. — 
Let us represent a magnet of magnetic moment M by a straight line 
OA, Fig. 40*2, along the axis of the magnet, the 
positive direction of the axis being from the 
south-seeking to the north-seeking pole of the 
magnet. Let OP and OQ be the projections of 
OA on two straight lines mutually perpen- 
dicular, the AOP being Then OP and OQ 
wifi represent magnets whose moments are 
M cos ^ and M sin ^ respectively. Is this pro- 
cedure legitimate ? Let us suppose that H is 
the magnetic intensity of a uniform field in the 
plane of the diagram. Let the direction of H 
make angles 6 and yj with OA and OP respec- 
tively. Then the couple on the magnet whose 
moment is M cos (j) is (M cos ^).H sin ?/?, and is 
anticlockwise. Since ?/> = 0 -f the above ex- 
pression becomes 

MH cos <j > . sin (0 + 

For the magnet whose moment is M sin 
the couple on it in an anticlockwise direction 
is — Msin^.Hsin%, where x 1® the angle indicated. This is 



— MH sin ^.sin ^ ~ ^.cos (0 + 

The sum of these couples is MH{cos ^.sin (0 + — sin ^ cos (0 + (j>)} 

« MH sin (0 + ^ “ MH sin 0, 

which is the couple on the magnet whose moment is M. Thus it 
has been found that M is a vector quantity. 

' The Equilibrium of a Magnet in , a Magnetic Field due to 
the Superposition, of Two Mutually Perpendicular Magnetic 
Fields.-- Let us now suppose ■ that the needle is defieoted per- 
manently by placing a magnetic field, ^ H, Fig. 40*1 (6), at right 

^ This is- an abbreviated statement-; '.it means that the magnetie strength 
of the field, or the magnetic intensity, fe H d 3 m 0 . nnit-pole. or H oersted. 
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angles to H®. The restoring couple on the magnet due to the pres- 
enoe of the second field is mH . AN. The equilibrium position of 
the magnet wifi be such that restoring couples due to the fields 
are equab i.e.j 

mH . AN = . SA, 

or H = Hg tan 6. 

Hence, if H(j is known and 6 is measured, H may be deduced. 
The above relationship is a fundamental one in magnetometry. 

[In general, H is only uniform over a small region — Whence the 
magnet used should be short.] 

The Magnetic Field Strength or Magnetic Intensity due 
to a Bar Magnet at a Point on its Axis. — It is required to 
determine the magnetic intensity [or field] due to a bar magnet 
at a point on its axis — ^tho axis or axial line of a magnet being 
defined as the direction of the line joining the two poles together. 
Let m be the pole-strength, 21 the magnetic length of the magnet 
and f the distance of the point A from the centre of the magnet, 



Fiu. 40*3. — Magnetic Field Strength at a Point on the Axis 
of a Bar Magnet. 


Fig. 40*3. Suppose that a small pole dm is placed at A. Then 

the force on this pole due to + m is ^ since the distance 

of separation of the two poles is NA or (r — I). This force is 
considered positive when it acts in the direction of r increasing. 

The force due to m is similarly — r— The two forces 

(f i- 

on the smal pole at A act along the direction of r so that their 
resultant SF [say] is given by 

_ r m ^ 1 a _ 4mLr.3m 

+ ^ [ (^ l)(r + 1) ]^ 

2M.r,6m 

'■ • , • • • • - • • • .* ■ •, i > 

■ where M is the magnetic moment of the bar magnet. 

The field strength at A is the force per unit pole, on dm, viz. 
iF ~~ dm ='Hj^. . .. 

. . ' . -a-' _ 

^ ~ (r® - ly 
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If I is small compared with r, i.e. - 



0, the expression for the 
field strength becomes 


2Mr 


2M 


‘fl -^T 

y2j 


Fia. 40*4 — M a g n e t i o 
Field Strength due to 
a Bar Magnet at ^ a 
Point on its Equatorial 
Line. 


The Field Strength or Magnetic 
Intensity due to a Bar Magnet at , a 
Point on the Straight Line ^ bisecting 
its Length at Right Angles.— Let B, 
Fig. 404, be the chosen point at dis- 
tance r away from the centre of the 
magnet. The magnetic field strength at 
B is the resultant of two components 

(i) along NB and {ii) along BS. 

If these are represented by the vectors 
BP, BQ, drawn along NB produced and BS 
respectively, the resultant field strength 
will be represented by BR the diagonal 
through B of the parallelogram BPRQ. 


The magnitude of this resultant is given by 

2m I M 

Mb = 


since BN = 


= 2BP cos a ' 
(r^ + 


BW • BN (r^ + 


( 2 ) 


When I is small, >-0, and 


MM 

Exercise , — Consider a small pole dm at B, Fig. 40-4. Write down 
expressions for the forces on dm due to the magnet and hence obtain 
an expression for the field strength. 

The Deflexion Magnetometer* — This consists essentially of a 
small magnetic needle pivoted or suspended by a silk thread, so that 
it is capable of moving in a horizontal plane. A light aluminium 
pointer is attached at right angles to the needle, and this is used 
to determine the angle through which the magnetometer needle 
moves. The end of the aluminium pointer moves over a circular 
scale, graduated in degrees. In order to assist the, making of 
accurate observations a mirror is placed underneath the needle, the 
eye being placed in such a position that the needle and its image are 

^ Sometimes termed the equatorial line of the magnet. 
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in the plane containing the eye. In this way parallax errors are 
avoided—see Eig. .40*5' (a).. This diagram shows, that nnless the 
eye Is, at directly over the end of the pointer and its image, a 
considerable error may be made in reading the position, of the 
pointer. [For , convenience the scale is shown by vertical lines — 
actually they are horizontal.] The whole' is enclosed in a box 
furnished with a glass lid protecting the needle from currents of 
air, etc. Two scales in cm., etc., are fixed, one at right angles to 
the length of the magnet in its zero position, and the other parallel 
to it, the centre of the needle being directly over the point of 
intersection of the axes of the two scales. In other words, these 
scales point to the (magnetic) east and west, and to the (magnetic) 



north and south respectively, so that the position of a magnet which 
is used to deflect the magnetometer needle may be observed [c£ 
Mg. 40*5 (6)]. 

A more sensitive type of deflexion magnetometer is indicated in 
Eig. 40*5 (c). It is contained in a wide glass tube about 30 cm. long to 
protect the actual working part of the instrument from air currents. 
A No. 2 B.A. brass rod A, fitted through an ebonite disc inserted in 
the top of the glass tube, supports a fine quartz or silk thread carrying 
a small concave mirror, L, rigidly attached to a magnet, ,M, 
consisting of three short steel rods, and a light aluminium or paper^ 
vane, N, the purpose , of which is to increase the damping by 
augmenting the' air resistance and thus bring the magnet 'to ■ rest 
more quicMy after it has been displaced. The deflexions are shown 
by means of a spot of light reflected from the mirror. The advan- 


MAeJMifiTlSM BMSJ JBiJjJdiUXmUiTl 


764 

tages gained by the use of quartz threads are that the restoring 
couple on the magnet is less than with other forms of suspension^ 
and^ the elastic properties of quartz are such that after the quark 
has been twisted it recovers its former shape completely, a constant 
zero position thereby being obtained. Very frequently the magnets 
are mounted at the back of the mirror. 

In using a deflexion magnetometer it is customary to arrange 
that the fields H and Hq shall be mutually perpendicular, so that 
the relation H = Hq tan d is at once applicable. 

The condition that the two fields should be perpendicular to one 
another is not essential although it is one of great convenience. 
For suppose that the field H makes an angle a with the E.~W. 
direction. Then the condition for the equiMbrium of the magnet 
is that 

mRQ.21 sin 6 = mH.2? cos (0 + a) 

H sin 0 

where d is the deflexion of the needle. 

Verification of the Inverse Square Law. — Let AB, Fig, 40-6 (a), 
bo a hall-ended magnet having one of its poles directly above the 
centre of a magnetometer needle. The effect of this pole on the 
needle will be zero since each pole of the needle is affected in an 
equal but opposite way by it ; moreover, these forces act in a 

vertical plane, and the 
needle is only free to 
swing in a horizontal 
plane. Hence any' de- 
flexion of the magneto- 
meter needle will be ■ due 
to the pole A. Let this 
be of strength m and at 
a distance r away. Then 
the field at, G due to this 

is^ = H[say]. If 0 is the 

angle of deflexion, m j, the 
pole strength of the mag- 
netometer needle, and Hq 
the intensity of the earth’s horizontal field, w-e have, from Fig. 
40*6' (6),: H — "tan 6, or tan d constant. If, therefore, when 
log' tan B (ordinate) is plotted against log r, a, ' straight , line ' whose 
slope' is 2' is obtained, the ^ square law wUl . have been 

establshed experimentally. ■ ■ 

The Tangent A and Tangent B' Positions: ':of /Gauss.— In 
Fig. 40*7 let a small compass needle be placed at a point on; the axis 



I'm:. 404'.---Verificati^^ of Inverse .Square 
■ Law., 
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of a magnet MS. If Hj, Is tlie intensitjof tlie ield due to the bair 

magnet, then H| is and if r is large may be assumed to be 

UDiform over' the region occupied by the small compass or magneto- 
meter needle. If is the value of the horizontal component of 
the earth’s magnetic field, then — Hotan^j^. 



Substituting the known value of the equation becomes 

2Mr XT 4 . n 
= Ho . tan Oa 


or 


I 


M_ 

Ho’ 


(f^ — 

2r 


. tan 6 a« 


(i) 


If > 0, the above equation becomes 

M rV, Py ^ . 

H.- 2(*-r-s) 

= tan 6 a + terms which are negligible 
= tan 6 a . . . . (ii) 

Similarly, if the magnet and needle are placed as in Fig. 40*8, then, 
if 6 b i® the corresponding deflexion, 

Hb ~ HQtan6B 

whence, by substitution, and rearrangement of the terms, 

M 

— r= (f 2 -f. P)^ tan 6 b . . . (iii) 

j±o 


This reduces to ■ 

M ' I 

; — = f® tan 6 b» when >0 . . . ■ (iv) 

ilo r 

These two arrangements of the magnet and needle are called the 
tangent A and; tangent B positions of Gauss respectively 
Gauss ■ was a German mathematician of the early nineteenth 
century, and the formulation of the above equations was origin- 
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Magnetic 

North 


■ ally due to Ms work. These positions are sometimes referred 
to as the end-m and broadside-^on positions respectiTely [cf. Pig. 

40*5]. It should be noted that 
in each position the axis of the 
deflecting magnet is at right 
angles to the earth’s horizontal 
magnetic field. 

A More Accurate Yerifica- 
tion of the Inverse Square 
Law. — The expressions obtained 
for the tangent A and B positions 
have been derived on the assump- 
tion that the inverse square law 
is true. If, therefore, the values 

of ^ obtained by using a given 



J 


1 


L 


r 


Fig. 40*8. — The Tangent B 
Position of Gauss. 


Ho 


magnet in the two positions are 
consistent, the inverse square law 
will have been verified. Unfortunately, however, the uncertain 
factor in these equations is the value to be assigned to I, the 
semi-length of the magnet. TMs difficulty may be avoided by 

using a very short magnet, so that - 0, and by measuring 

the deflexions with the sensitive magnetometer just described. 


I 

When-" 

f 


Thus 


0 we have 

M 
H 


M 


= tan and ^ = r® tan 6 b. 


tan 6 a 


:2. 


tan 6 b 

If the law of attraction were one of the inverse n-th power we 
should have 

tan 6 a ___ 
tan 6 b ^ ' 

for the intensity at a point on the axis of a bar magnet would b@ 
f 1 1 \ 


fi 

r» L" 

are neglected, 


1 + n.~ 

r 


1 + n . 



and higher terms 
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Similarly, for we should have [cf. Fig. 404], 


2m 2m I M 

- - - , • 

BW ^ (^ 24 , 12)% • (f 2 + | 2 )i + | 2 )i(n + 1 ) 



0 . 


M 1 

Consequently =r- would equal -r«+i tan 0 a and tan 0 b r©- 
- 0.0 u 

spectively for the two positions ; hence tan 0^ = tan 0 b* 

In 1832 Gauss carried out a series of experiments on the abore 
lines. The magnet which he used was about a foot long and had a 
mass of almost 1 Ib. The magnetometer was of the reflecting type 
and carried a plane mirror at one end of the suspended needle. A 
horizontal scale in mm., etc., and more than a metre long, was 
fixed above a telescope 5 metres away from the magnetometer 
needle. The telescope was arranged so that the image of the 
horizontal scale above it, which was formed by reflexion in the 
plane mirror, could be observed. In this way small angular dis- 
placements of the magnetometer needle could be measured as 
explained previously [cf. p. 378]. A displacement of one scale 
division across the fiducial mark in the observing telescope corre- 
sponded to an angular rotation of 22 seconds. A rotation of one- 
tenth this amount could be estimated by eye. Now Gauss was 
fully appreciative of the fact that the chief uncertainty in these 
experiments was in estimating the distance between the poles of 
the magnet. He therefore decided to work with the magnet at 
distances between 1 and 4 metres from the magnetometer so that 

the fraction - was always small and certamly negligible when r 

exceeded 2 metres. 

Some of the results he obtained on 24-28 June 1832 are included 
in the following table. 


Distance of magnet from 

Deflexion of needle 

magnetometer (r) 

Tan A position 

Tan B position 

1-1 metre. 

2° 13' 61-2" 

r 10' 19*3" 

2-0 „ 

37' 6-2" 

19' 1-6" 

4-0 „ 

4' 36 r 

2 ' 22 - 2 " 


Since tan 0^=0= 2. tan it was verified that was equal to 2 
within the limits of experimental error. Now it would be very 
remarkable if such a universal law should contain an index 2 plus 
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or miiras a very small fraction. It is therefore concluded that' the 
value of n is exactly 2. 

It is interesting to note that with the same apparatus Gauss 
made the first absolute determination of Hq, the horizontal com- 
ponent of the earth’s magnetic field. Until then, values for Hq 
at different places had only been compared by an oscillatioii 
method' [cf. p. 771]. 

The Comparison of Magnetic Moments and the Adjust- 
ments of a Deflexion Magnetometer. — ^Magnetic moments may 
he compared with the aid of a deflexion magnetometer. The 
magnetometer is first made level and then an*anged so that the 
pointer attached to its needle sets at the zero marks on the circular 
scale inside the instrument. The scale in cm., etc., used to measure 
the distance of the centre of any magnet from the centre of the 
needle is then placed parallel, or at right angles, to the pointer as 
desired. The following procedure is adopted irrespective of whether 
the tangent A or the tangent B position of Gauss is being used. 
Fig. 40*9 indicates the positions of the magnet when the mag- 
netometer is in the A position of Gauss. 

(i) The magnet is placed with its centre at the desired distance 
away from the needle—Pig. 40-9 (a). After gently tapping the 
case of the magnetometer to overcome the effecte of any sticking 
at the pivot, on which the needle rotates, the positions of both 
ends of the pointer on the circular scale are noted. In this way 
any error due to the fact that the of rotation of the needle 
may not pass through the centre of the circular scale m 

eliminated if the depar- 
ture from the ideal con- 
ditions is not large. 

(ii) The magnet is then 
turned end for end and 
the positions of the ends 
of the pointer again noted 
---Fig. 40-9 (6). If the 
magnet is not mag'- 
neti%ed symmetrically 
the effects due to this are 
eliminated by proceeding 
in this way, .. 

(iii) The observations 
are then repeated with the 

magnet at the same distance on the other side of the magneto- 
meter needle— Fig. 40*9 (c). and [d). , Any error' arising from the 
fact that' the needle may not be pivoted at the centre of the 
graduated arm are thereby eliminated. 



Fia. 40'9. — Comparison of Magnetic Mo- 
ments and the adjustment of a Deflexion 
Magnetometer, 
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Tlie mean of the eight readmgs thus obtained will be equal to 
that deflexion which would be obtained if the settings of the scales 
with respect to the needle and each other were ideal, provided that 
in no instance does the mean differ very much from any one of the 
eight above readings. If, on any occasion, a large difference, should 
be found, it probably means that the pointer is not at right angles 
to the axis of the magnetometer needle. 


Experiment I. — Each magnet is placed in an end-on position and the 
corresponding deflexions deteiimned. If suffixes refer to the two 
magnets w© have 




t an 01, 




tan 03. 


Hence 


Ml ^ - hn * n tan 01 

Mg Lf jS — * ri ‘ tan 0 ,* 


Instead of determining the deflexions due to each magnet the position 
of the second magnet may foe adjusted until the two deflexions are 
equal when the above equation becomes 

Ml 

il, Lr/ - hU * fi’ 

These experiments may be repeated with the magnets in the broad- 
side-on position. 

Experiment 2 . — The measurement of angles may be eliminated by 
using the following nuU method. The two magnets are placed on 
opposite sides of the magnetometer and the position of one of them 
adjusted until the needle is not deflected from its zero position. Under 
these conditions the intensities at the centre of the needle due to each 
magnet separately must be equal so that 


2Mifi 2Mgf, 



Moment of Inertia of a Rigid Body about an Axis of Rota- 
tion, — Suppose that a rigid body is rotating about a fixed axis with 
angular velocity co. Consider a portion of that body, so small that 
it may be regarded as a material particle. Let m be its mass and 
r its least distance from the axis of rotation. Then the linear 
velocity of that particle is ?? == rm. Its kinetic energy is 

' For the whole body, ' the kinetic energy wOl be ■ 
where the summation refers toaU the .particles which constitute the 
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rigid body. The quantity is termed the moment of inertia 
of the body about the particular axis of rotation considered. 

The Vibration Magnetometer, — ^Wh.en a magnet oscillates 
freely in a horizontal plane in a uniform magnetic field the motion 
is simple harmonic if the motion is restricted so that the amplitude 
is small and there is no couple due to torsion in the supporting 
filament, or to friction at the pivot. The periodic time in seconds 
is expressed by 



where M is the magnetic moment of the magnet, H the horizontal 
component of the magnetic field [generaly the earth’s], and I the 
moment of inertia of the magnet about its axis of rotation. For a 
given magnet this is a constant depending on its mass, shape, and 
the axis about which it oscillates. For a rectangular bar of mass m, 
of length a and breadth b, oscillating about an axis through its 
centre of gravity and normal to the plane containing a and 6, 



For a cylindrical magnet of mass m of total length 2a and radius r 
performing oscillations about an axis through its centre of gravity 
and normal to its length 






Searle’s Magnetometer. — 
This consists essentially of a fine 
thread of unspun silk, AB, sup- 
ported at its upper end, and 
carrying at its lower end a brass 
cylinder tapering to a point as 
shown in Fig. ’ 40*10. This point 
enables the position of the cen- 
tral axis of the block to be deter- 
mined. The brass block carries 
a short magnet, M, arranged 
horizontally. A light aluminium 
pointer, C, about 10 cm. long 
enables the oscillations to be 
observed more easEy . The brass 
block serves to, increase the 


Pig. 40-l0.-Se8rl6-s Vibration moment of inertia of the system 

Magnetometer. about its axis of rotation so that 
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its period becomes slow enough for accurate observations to be ! 

obtained. Unspun silk is used for suspending the magnet, sine© ! 

the effect of torsion in this material is negligible. 

With the help of this apparatus a magnetic survey of the labora- 1 ; 

tory may be made. The equation for the period of an oscillating , ! 

magnet may be written HT^ = k, where « is a constant. If H 
is the horizontal field at some point, and this is known, the value 
of K may be calculated when T is known. The value of H at other 
points may be deduced from the value of k thus obtained and the 
observed time of swing at the point in question. i 

Comparison of Two Horizontal Magnetic Fields, — ^Two' 
horizontal magnetic fields could, in general, be compared by the 
above method if it were possible to isolate them, but as a rule the 
needle will oscillate in a field wiiich is the resultant of one of the 
fields to be compared and the earth’s horizontal field, Hq. To 
compare the two given fields it is therefore customary to arrange 
them so that their directions coincide with that of Hq and then 
make the following observations : — ^If and Hg are the fields, 

Hq is the earth’s horizontal field, and the times of oscillation of the 1 

needle are T^ and Tg when the two fields are arranged parallel to Hq 
and such that the composite fields are (H^ + ^o) ^^id (Hg + Hq), 
we have 

(Hi + Ho)V = 4jr2I]Vr^ = « (say) 

But K = HqTo^, where Tq is the period of oscillation in 

the earth’s magnetic field H©. 

Hence HjTi^ = - T^^). 

Similarly HgTa^ = Hq^Tq^s — Tg^) 



Oscillation Method for Verifying the Inverse. Square 
Law,— A ball-ended magnet, XY, Fig. 40*10, is supported with its 
axis vertical and its lower pole in the horizontal plane containing 
the needle of a Searle magnetometer. If the magnet is long com- 
pared with the distance from the centre of the lower sphere to the 
centre of the oscillating needle, the effect of the upper pole may' he 
neglected. The polarity of the lower sphere should preferably be 
such that the horizontal magnetic field at the centre of the needle is 
increased. This condition is easily tested, for if it exists the period 
of the needle will be shortened. Let r be the distance of the 
lower pole from the centre of the needle when the period is T 
and the total horizontal field (H + Hq), where H is the contribu- 
tion due to the lower magnetic pole, and Hq is due to the earth. 


in 
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Now H "■!* Hq = "^2" ^B.{i Hq = 

if we assume . an inverse n-th power law, H = 
the pole strength of the magnet. Hence 


or 



/. log f = log C — log 



where, m is 


1 


where C = ^3 a constant. 

Hq 


A series of observations should therefore be made and the graph 


X = log f , 2 / == log 




saspins 


30 cm, 



Fig. 40*1 1. — Comparison of Magnetic 
Moments by an Oscillation Method. 


constructed. This should be a 
straight line whose slope is — n. 
It will be found that = 2. 

Comparison of Magnetic 
Moments by Oscillation 
Methods* — The two magnets 
are suspended, in turn, by 
means of unspun silk, so that 
they perform oscillations in 
the earth’s horizontal magnetic 
field Hq and about a vertical 
axis passing through their cen- 
tres of gravity. Their periodic 
times Tjl and Tg, where the 
suffixes refer to the first and 
second magnets, having been 
determined, we have 


Consequently 



The ob|ection to this method is that its' calculation involves a know-' 
ledge of 1 1 and I®. In the lollowing method such knowledge is 
not necessary. 

The two magnets are supported horizontally by passing them 
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througli slots cut in a sheet of thick paper. The whole is sus- 
pended by a piece of mspun silk— of. Fig. 40*1L Firsts let the 
north poles of each magnet point to the magnetic north. Let 
Ti be the period of vibration for small oscillations. Then reverse 
one of the magnets — let Tg be the period. The moment of 
inertia of the system about a vertical axis through its centre of 
gravity is not altered if care is taken that the axis of rotation 
always passes through the centres of both magnetSs but the 
total magnetic moment is Mi + Mg, and Mi — in the two 
instances respectively. If the restoring couple due to torsion in 
the fibre is negligible, we have, 


Ti-:2?r 


A / (Ii + Is) 

V (Mi + M,)Ho 


, and Tj = %7t 



It 

(Ml — Ms)Ho' 


Hence 


or, 


Ml - Mg Ti» 

Ml + Mg Tg*’ 

Ml Ti^ + TgS 

Mg Tg2 Ti^* 


In this experiment it is important that the magnets shoiild be 
as far apart as possible in order to diminish the strength of the 
induced poles, and hence their effect. The effects of air currents 
on the motion are eliminated by surrounding the magnets by a 
glass jar. 

In practice, only small magnets may be used in these oscillation 
experiments since it is difficult to tod a suspension sufficiently 
strong to support the weight of the system, and yet not exert a 
restoring couple on it. 

So far it has been assumed that the torsion in the suspension is 
negligible. It may happen, however, that one end of the sxispensjon 
has been twisted through a large angle relatively to the other-^rthe 
torsion couple may be large under such piroumstances. To free the 
system from such a couple, the magnets are replaced by bra^ rods, 
and the system allowed to come to rest. The head, H, carrying the 
silk is then rotated until the paper lies In the magnetic meridian. 
The torsional couple is then very small. When the magnets are re- 
inserted the system, even when it oscillates, will be free from a laige 
torsional couple. 


EXAMPLES XL 

1. — Calculate the field strength at a point on the axis of a bar 
magnet of pole strength 100 units and magnetic length 10 cm. The 
point is 45 cm. from the centre of the magnet. 

2. — ABC is a triangle right angled at .B. At A and B north-seeking 
poles of strengths 16 and 30 units respectively are placed. H AB «« 20 
cm. and BO =?= ,15 cm., calculate the magnetic field strength at ,B., ' 
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' 3. — bar magnet measures 20 cm. x 2 cm. x 3 cm. The intensity 
of magnetization in the magnet is 6*2 gauss. Calculate the pole 
strength, and magnetic moment, of the magnet. 

4. — ^A magnet of moment 814 erg. oersted,'"^ is suspended in the 
meridian and then deflected through 41°. What is the couple acting 
upon it if Hq = 0-182 oersted ? 

6.— A magnet makes 10 complete swings in 84 sec. at a point where 
Hq = 0-20' oersted. Find the time of swing when Hq = 0-26 oersted. 

6. — ^Two magnets of the same material and size make 50 swings in 
fi min. 18 sec. and 6 min. 43 sec. at the same station. If the first 
magnet has a moment 84 units, calculate that of the second. 

7. — A compass needle having a magnetic moment 850 erg. oersted. 
is rotated through an angle of 55®. Calculate the couple necessary to 
maintain the needle in tMs position and the work done in rotating, the 
needle from its position of rest. [Hq = 0-18 oersted.] 

8. — ^How would you compare' the strengths of two uniform magnetic 
fields superposed at right angles to each other ? How would you 
compare them if the two fields were entirely separate ? 

9. — ^Derive an expression for the intensity of the magnetic field at 
any point on the prolongation of the axis of a bar magnet. Explain 
how' the- expression may be used in the experimental comparison of 
the magnetic moments of magnets. 

10. — ^Deduce expressions for the magnetic field strength due to a 
bar magnet in the tangent A (end-on) and tangent B (broadside-on) 
positions of Gauss respectively. Explain the units in which magnetic 
field strength is measured. 

IL — Describe how you would compare the magnetic moments of two 
magnets of the same size and shape, (a) using -a deflexion magnetometer, 
(5) by a vibration method. 

12. — Describe and explain how you would compare the magnetic 
moments of two short magnets by xising a deflexion magnetometer. 

13. — compass needle is set swinging in a magnetic field. WTiat 
factors determine its period of oscillation f Describe experiments you 
would make to illustrate your answer, 

14. — ^Explain how it is that bar magnets of difierent sizes and shapes 
may have equal magnetic moments. How could you find which of 
two given bar magnets has the greater pole strength I' 

15. — Explain magnetic moment^ moment of inertia, 

A bar magnet Is placed on a horizontal table and a neutral point in 
its field is located. A small magnet suspended by a long silk tiiread 
is placed with its centre iimnediately above the neutral point. The bar 
magnet is then reversed, end for end, and the smal magnet is found 
to make twelve complete oscillations per minute. How many oscilla- 
tions will it make per minute when the bar magnet is removed ! , 

16. — Explain what is meant by the statement * oersted,^ A 

bar magnet 20 cm. long stands upright with its north pole resting on a 
table. ■ Give a diagram showing the general distribution of the lines 
of magnetic force in the plane of the table. If there is a neutral point 
6 cm, from the magnet, calculate the magnetic moment of the magnet. 

17. — Define the terms unit pole, magnetic moment, 

A horse-shoe magnet having its poles 5 cm. apart is set so that 
the line joining them lies E.-W. and passes through the centre of a 
deflexion magnetometer distant 10 cm. from the nearer pole. If the 
deflexion of the needle of the magnetometer is 35° estimate the pole 
strength of the magnet. Assume H to be 048 oersted. 



CHAPTER XLI 

TERRESTRIAL AND SOLAR MAGNETISM 

Tlie Magnetic Field Round tlie Earth .—Round the earth 
there is a magnetic field, the intensity of which varies from place 
to place, and to a less extent daily and yearly. Db. Gilbeet 
believed that the earth was a large magnet with its poles at opposite 
ends of a diameter of the earth. Of course there is no actual 
magnet there ; in fact, the origin of the earth’s magnetism is a 



mystery, but the behaviour of the earth’s magnetism is as if a 
powerful magnet were present at its centre with its axis pointing 
approximately south and north — such a hypothetical magnet is 
shown in Fig. 41‘1. It will be noticed that the magnetic axis and 
equator do not coincide with the corresponding geographical posi- 
tions, and that the hypothetical magnet has south-seeking mag- 
netism at the pole which points towards the geographical north. 
Similar remarks apply to the southern hemisphere. 

The Earth’s Magnetic Elements. — ^If a magnet is suspended 
freely as in Fig. 41*2 (a) it is, in general, inclined to the horizontal. 
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The magnet sets itself so that its magnetic axis lies along the direction 
in which the earth’s magnetic intensity acts, i.e. in the direction 
OC, Fig. 41*2 (5). The angle ^ of the Vagram is called the angle 
o/ dip> Now the total magnetic intensity IH (or which is 
represented in magnitude and direction by OC may be resolved 
into two components represented by OA and OB respectively. 
These are termed the horizontal and vertical components of the 
earth’s magnetic field, and are referred to as Hq and Hy respec- 
tively ; in fact, Hq is the magnetic field with wMch another field 
is generally compared in magnetometer experiments. 



Alnspun §ifk 
^ suspension 



Axis of 
potation 



Bd^eView of Needle 


Fia. 41-2. 


If ^ is the 
Sioularly, 


angle of dip, then 
Hy 

Ho““OA’~OA 


= tan 


Hn OA 
H OC 


= cos or Hq — H cos 


and 

Hy AC ■ . jr TT TT • _£ 

— sm or Hy = H sm 

' .;In an earlier chapter it has been statedthat the axis of a suspended 
magnet only points approximately to the geographical north and 




Bontli. ■ The Tertical plane ■ passing throngli the axis of such a 
magnet is caled the magnetic meridian^ as distinct from the 
geographical meridian, which is the vertical plane passing through 
a line of longitude. The angle between these two planes is called 
the angle of declination. 

When, at any station, the declination, dip, , and the horizontal, 
component of the earth's magnetic field, are known, the magnetic 
field at that station is completely defined. 

Measnrement of the Angle of Dip. — simple model of an 
instrument used lor the determination of the angle of dip is shown in 
Fig. 41-3 Such an instrument is called a dip circle. It con- 



(a),— -Dip Circle. 

Fm. 41-3. 



{&). — Forces on a 
Dip Needle when its 
axis of rotation is 
in the Magnetic 
Meridian. ■■ 


sists essentially of a magnetized needle capable of rotation about 

a horizontal axis, the points of support being agate Imife-edges. 
These should be kept free from grease. When the instrument is 
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not in use the needle is raised from its position of rest on the knife- 
edges by means of two sliding pieces with V -shaped grooTes. These 
sliding pieces move together, their motion being controlled by means 
of a screw-head outside the case of the instrument. The positions 
of the ends of the needle are given by a vertical circular scale 
graduated in degrees, etc. The instrument is protected from dust 
[which causes the needle to stick on the knife-edges], and from 
draughts, by means of a case, the front and back of which are 
glass plates. 

To use the instrument, all pieces of iron having been removed from 
the immediate vicinity, it is first levelled by means of the screws 
supporting the base. The upper box, capable of rotation about a 
vertical axis, is turned about that axis until the needle is vertical ; 
in this position the effect of the horizontal component of the earth’s 
field is nullified, for otherwise the needle would not be vertical. The 
plane of the needle is then normal to the magnetic meridian. For 
consider the forces acting on the poles of the needle — cf. Fig. 41-3 (5). 
They may be resolved into rectangular components as shown. The 
horizontal forces mH constitute a couple, but they cannot cause 
the needle to rotate since it is supported at A and B. The vertical 
components constitute a couple whose moment is not zero unless the 
needle is vertical. The needle, therefore, sets with its axis vertical. 
The case is then rotated through 90®, when the needle is in the 
magnetic meridian, and the angle of dip is observed on the circular 
scale ; the positions of both ends of the needle are recorded. 

Several errors arise in using a dip circle : their effects may be 
eliminated as follows : 

(i) The axis of rotation of the needle may not pass through 

the centre of the vertical scale. The effect of this is eliminated 
by observing each end of the needle and using the mean of the 
apparent angles of dip. For if Oi and Og, Fig. 41*4 {a), are the 
centres of the scale and the point ha which the axis of rotation 
cuts the needle, respectively, then the actual readings are really 
measures of the angles S2O1Y and N2O1X respectively. If NiS^ 
is drawn through Oi parallel to the needle, N2S2, the true dip is 
NiOiX or SiOiY— -say Now N2O1X is greater than by NiOiNss 

and S2O1Y is less than 9S by SiOiSg. Since NiN^ = SiS^, the above 
differences are equal, so that ^ is the mean of the observed readings. 

(ii) The centre of gravity of the needle may not lie on the 
axis of rotation. Suppose that AB, Fig. 41*4 (6), is the needle 
and that its centre of gravity G does not lie on the axis of rotation 
which passes through 0 : this axis is normal to the plane of the 
diagram. Now the moment about 0 of the weight W of the needle 
is equal to the sum of the moments of two equal weights W at 
P and Q respectively. Thus the lack of coincidence of G with 0 



Biay b© oonsidorod in two parts, (tit) that dn© to th© displac 6 i 2 i 6 iit 
of G in a direction normal to AB, and (6) that dn© to its displace- 
ment parallel to AB. 

If the end A is dipping, i.e. the north pole of the magnet is 
near to A if the needle is used in the northern hemisphere, and 
the needle is placed so that Q is above 0, then the effect will be 
that the measured angle of dip will be too large : if the needle 
is reversed on its bearings so that Q is below 0, then the effect 
will be that the measured angle of dip is too small by an equal 
amount. By taking the mean of the four readings so far obtained 
under (i) and (ii) the errors due to the axis of rotation of the needle 
not passing through the centre of the vertical scale and to the 
displacement of G at right angles to AB are eliminated. 



The procedure under (ii) also eliminates another error at the 
same time. We shall consider this next and later return to the 
question of the error arising from the displacement of G parallel 
to AB. Th© error so eliminated is that which arises from the 
fact that : 

(iii) The magnetic ascis of the needle may not coincide with 
its geo metrical ams. The elimination of the error arising from this 
cause is effected by reversing the needle relatively to th© vertical 
scale by removing it from its bearings, turning it back to front, 
and replacing it — cf. Fig. 41*4 (c). This has already been done 
under , (ii). 

(iv) The zero line of the vertical scale may not be perfectly 
horizontaL The effect of this is eliminated by rotating the instru- 
ment through 180® at each stage of the process. The needle is 
still in the magnetic meridian, but the ‘apparent horizontal —the 
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line joioJBg the zeros on the vertical scale — ^will now be tilting in 
the opposite direction : of. Fig. 414 (d). The positions of the 
ends of the needle are again observed. The mean gives a value 
for the dip corrected for this error. 

(v) When the eight :■ readings required under (i), (ii), (iii) and 
(iv) have been made the only source of error outstanding is that 
due to the displacement of G parallel to AB. As long as A is the 
end of the needle which dips, the effect of this displacement parallel 
to AB will be to make the measured angle of dip too smaE, but if 
the needle is remagnetized so that the end B dips, i.e. the polarity 
of the needle is reversed, then the above displacement of 6 will 
make the measured angle of dip too large. Thus eight more 
observations are required and the mean value of the complete 
sixteen readings is one from which errors attributable to the above 
causes have been eliminated if the discrepancies are smaE. 

The Angle of Declination. — Since this is the angle between the 



geographical and magnetic 
meridians it is first 
necessary to locate the 
geograpMcal meridian. 
This may be don© by 
observing the direction in 
which the shadow of a 
vertical string lies when 
the sun is in the geograph- 
ical south — ^it must not be 
assumed that the sun is in 
the south at noon on all 
occasions. The exact 
time when this position is 
reached can always be 
ascertained from a nautical 
almanac. 

It then remains to 
determine the magnetic 
meridian. If it were 
possible to obtain a mag- 
netized needle ^ with Its 
magnetic axis coinciding 
exactly with' its^ 
geometrical axis then the 
measurement ^ could be 


Fig. 41‘5.--D6temmiation of the made easEy. Unfortun- 

Magnetic Meridian. ^ 


be realized, and so the foEowing method is adopted. 



The magnetic needle is suspended by a piece of maspun silk so 
that it may swing in a horizontal plane. In general, the needle 
^ come to rest with its geometric axis AB inclined to the 
geographical meridian i.e. it will be in the position A^Bj^, 

Fig. 41 '5* Then the angle observed is that between the geographical 
meridian and the geometrical axis of the needle. To determine 
the necessary correction the needle is inverted face for face and then 
allowed to come to rest. In each instance the needless magnetic 
axis NS will lie in the magnetic meridian (this assumes a torsionless 
suspension) and the geometrical axis will take up symmetrical 
positions with respect to the magnetic meridian. If A^Bi and A 2 B 2 
are these positions, the bisector of the angle A^OAg (or B^OBg) gives 
the magnetic meridian, 

[The experiment may be made using a bar magnet or even a 
magnetized circular disc of iron. The chosen magnet then has two 
straight pieces of copper wire fastened to its extremities with a 
little soft wax to define a fiducial line in the magnet, and the whole 
is supported in a stirrup by means of a silk thread. Immediately 
below the magnet is placed a sheet of white paper. When the 
magnet has come to rest, pencil marks A^ and Bj are made to 
indicate the positions of the ‘ pins.’ The magnet is then placed 
with its lower side uppermost and the experiment repeated — ^the 
points Ag and Bg are thus found.] 

Experimental Determination of Ho.— To determine the absolute 
value of the horizontal component of the earth’s magnetic field two 
experiments are necessary. In the first or defiexion experiment the 

value of ^ is ascertained by using a magnet in the tangent A [or B] 

position of Gauss. If 6 is the mean deflexion of the magnetometer 
needle, where r and I have their usual significance, we have, 

^ tan 0 = a erg.oersted.-^^ [say] , . (i) 

S-o ■ , 

The second or oscillation experiment consists of a determination of 
MHq by suspending the given magnet in the earths field and 
observing its period T» Then, with the notation already explained, 

T = 2;ry/^,or MH„ = ^ = /? erg. (say) . (ii) 

From tile quotient of eq^uations (i) and (ii) we have, 




XT _ 

= or no - ^^^ 2 . 


v/; 


2fl 


oersted. ■ 


(m) 


.(2) V tan d 

[If the tangent B position is used, the final equation reduces to 




I 

(r* + (*)5tan 


0 


oersted.] 
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These same two experiments also enable us to determine the 
absolute value of M^ for the square root of the product of the first 
two equations gives 

M == == ^ tan 6 erg.oersted.-^ , (iv) 

The chief uncertainty in this experiment lies in an assumed 
value for 21, the magnetic length of the magnet. Since, however, 
equation (i) may be written 

(ir)^ (r cot 6)^ = - P, 


it follows that if a series of corresponding values of r and 6 is 
obtained and the straight line x = {r cot 6)K y = obtained by 
M 

plotting, the value of may be deduced from the slope of the 

line without reference to a value for I : in fact P is the intercept 
on the t/-axis, but a knowledge of its value is not essential. 


The Kew-pattem Unifilar Magnetometer. — ^By means of this 
instrument reliable values of the declination and of the horizontal 
component of the earth’s magnetic field may be determined. The 
arrangement of this instrument for determining the declination and 
for observing the time of oscillation of the magnet in the vibration 

part of the experiment for 
finding Hg is indicated in 
Fig. 41*6. The magnet con- 
sists of a hollow steel cylinder, 
A, fixed to a brass collar. 
This collar also ; carries a 
hollow brass cylinder the pur- 
pose of which is explained 
later. A scale S, graduated 
in mm., is fixed at' on© end of 
A while L is a convex lens 
arranged at the other end. 
The distance between S and 
L is equal to the focal length 
of the lens so that a beam of 
parallel light emerges from L. 
This light is received by a 
telescope F focused for par- 
allel light, and B is a plane 
mirror used to illuminate the 
Fxa. 4i*6. — Kew-pattem Unifilar. seal© by reflected light The 
Magnetometer., magnet 'and ■ its accessories 

are suspended from a torsion 
head K by means of an unspun silk fibre. The whole is mounted inside 
a box provided with suitable windows. The telescope F is attached to 
an arm (as in a spectrometer) and is capable of rotation about a ver- 
tical axis. N is a circular scale used to determine the position of F. 

One of the ucreatest troubles in an accurate determination of the 
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declination is to free the suspension from torsion. The residual torsion 
is reduced almost to zero by replacing the magnet A by a brass plummet 
of about the same mass and allowing this to swing imtil it comes to 
rest. Since the material of the plummet is non-magnetic, the position 
of rest will be such that the suspension is free from torsion. The torsion 
head is then rotated so that the rest-position of the plummet is in the 
magnetic meridian. When the plummet is removed and the magnet A 
replaced the suspension will be practically free from torsion when the 
magnet is in the magnetic meridian. The effects of the rigidity of the 
material of the suspension are minimized by using unspun silk (these 
effects only come into play when the magnet swings). 

The eye-piece of the observing telescope is provided with vertical and 
horizontal cross-wires, and the magnet A is adjusted so that the 
divisions on the scale S are vertical. The telescope is rotated until 
the image of the central division on S (the zero) appears to coincide 
with the vertical cross-wire in the telescope. The final adjustment of 
the position of the telescope is made by means of a slow-motion screw. 
Since it is difficult to bring the magnet absolutely to rest it is more 
usual to adjust the position of the telescope imtil the apparent angle 
of swing of the magnet is bisected by the vertical wire in F, The 
position of the telescope on N is noted and the observations are repeated 
with the magnet A rotated 180® about a horizontal axis so that S is 
inverted. The mean reading of the positions of the telescope eliminates 
any error arising from the fact that the axis of magnetization may 
not coincide with the axis of the optical system. 

It now remains to determine the geographical meridian. From 
Nautical Tables, the latitude and longitude for the station where the 
observations are bemg carried out being known, the azimuth of the 
sun at any instant is determined. By means of D an image of the 
sun (duly reduced in intensity with the aid of a piece of smoked glass) 
is refiected into the optical system and the telescope adjusted so that 
this image crosses the vertical wire in F at some particular instant. 
The position of the telescope on the scale N is noted. From the above 
observed time the direction of the sun at the time of the experiment 
becomes known ; the position of the telescope on the scale N when 
its axis points north and south is deduced. The declination is equal 
to the difference between this position of the telescope and its mean 
position in the former part of the experiment. 

For success in locating the position of the sun it is essential that 
the axis of the telescope should be horizontal, that the plane mirror 
D should rotate about a horizontal axis, and the normal to the surface 
of D at any point lie in a plane parallel to a vertical plane containing 
the optical axis of the telescope. 

If a series of observations of the declination at a station are to be 
made at different times, then it is advisable to use a fixed object whose 
direction with reference to the geographical meridian is known, instead 
of dete rminin g the direction of the latter on each occasion. 

To determine with the above instrument it is necessary to deter- 
mine the time of swing of the magnet and its moment of inertia about 
the axis of rotation. The time of swing is foimd with the aid of an 
accurate chronometer. The moment of inertia required is not that 
of the magnet only but that of the magnet and its carriage. This 
cannot be oaioulated. It is determined experimentally as follows.^ 

Let Tj be the period when the magnet and its carriage oscillate m 
th® ®arth*s horizontal field as above. I<et Ij be the moment of inertia 
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of the system about the axis of rotation. Then place a brass bar of 
known moment of inertia about the above axis in the tube B provided 
for this purpose. This cylinder completely fills B, and B has been 
adjusted so that when the brass cylinder is introduced the magnet 
A still swings in the same plane. Let Tg be the period when the total 
moment of inertia about the axis of suspension has become Ij + If 
Then 


T, 


V 


1 -f- . 




( 

\Ta* - T,V‘ 


SO that Ij becomes known. For a cylinder of mass m, length 2a, and 
/a® r«\ 

radius r, Ig « w “^4/* 


It is only necessary to determine once, since it is a constant for 
the system and is independent of the magnetic field in which the 
instiTunent is situated. 

The second part of the experiment consists in determining the angle 
through which a small magnet is deflected by the magnet A. This 
magnet is removed and its place taken by a small magnet carrying 
a plane mirror on its under side. The plane of this mirror is normal 
to the axis of the magnet. By means of a lamp and scale arranged 
as on p. 378, the deflexion of the suspended magnet caused by any 
external field is measured. In the present instance this field is produced 
by the magnet A situated in the tangent A or tangent B position of 
Gauss. Let us assume that it is in the former position. A scale in 
mm. attached to the magnetometer enables the distance between the 
centres of the two magnets to be determined. A mean value of the 
deflexion is deduced from a series of observations made as described 
on p. 768. The ratio M/Hq is then calculated from the equation 


M 

Ho 



tan B, 


Other methods for the determination of Hq (and Hy) will be discussed 
later [cf. Chap. XLIII]. 


■ '.'Magnetic earth’s magnetic elements vary from 

place to place and this variation is best shown by means of lines 
drawn upon a geographical chart. The lines on such a map 
indicate places at which the magnetic element, which is being con- 
sidered, has' the same value. Lines of equal dip are called isociimc 
lines p whilst those showing the places of equal declination are called 
isogonal lines , Fig. 41*7. The particular isogonal lines for which 
the declination is zero, i.e. where a magnet points to the geo^apMcal 
north, are termed agonic lines. v The line of zero dip is called the 
magnetic equator or aclinic line, while the two points, at which 
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■:¥m*^'4:hj (6). — ^Isoclinics for 1942. 
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passing tlirough points having the same value for H are termed 
isodynamic lines. The north magnetic pole is situated in North 
America and was first located by Sir James Ross in 1831 (lat. 
73® 31' N., long. 96® 43' W.). In 1903 it was situated in latitude 
70®40' N., longitude 60®5' W. (Amundsen). The south magnetic 
pole was located in 1909 at latitude 72®25' S., longitude 155®16' E. 
(ScoU). Thus these poles are each about 17® from the geographical 
poles, but their positions are variable. 

A map of the isogonals for the year 1942 is shown in Fig. 41*7 (a). 
It shows that the isogonals converge towards the magnetic poles 
and that the agonic line passes through America running almost 
directly from north to south, but that its continuation in the eastern 
hemisphere is more complicated. A particular feature of this 
portion of the line is the loop known as the Siberian Oval. Over 
that portion of the surface of the globe lying between the two 
portions of the agonic line and including the Atlantic Ocean, the 
declination is westerly — also in the Siberian Oval, At other places 
it is easterly. 

The isoclinic lines, or lines of equal dip, are shown in Fig. 41*7 (b). 
These are more regular in their formation than are the isogonals. 
Each follows a course approximately running from east to west. 
It will also be noticed that the magnetic equator has a course near 
to the Equator but actually crosses it once in the Atlantic Ocean 
and once in the Pacific Ocean. 

Continuoiisly Recording Instruments. — Every magnetic observ- 
atory, in addition to being equipped with precision instruments for 
determining the magnetic elements at that station, is also provided 



Fia. 41*8 . — The Magnet of a Horizontal Variometer. 


with three types of instrument recording continuously the local changes 
in the earth’s magnetic field. The first is the decMnation magnetograph. 
The small magnet of this instrument is suspended by a quartz fibre 
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tMs mirror is refleoted on to a sheet of photographic paper woiind on 
a drum rotating at constant speed. The whole is enclosed in a light 
tight box and the magnet is surrounded by a large massive copper 
ring so that the motion of the magnet shall be highly damped [cf. 
Chap. XLIX]. If the declination were constant a straight line would 
be found on the paper when developed. Any variation is shown by 
the excursions of the trace from this line. 

Variations in Hg are detected by the horizontal variometer. This 
consists of a small magnet arranged as above, but a torsion head to 
which the suspension is attached is used to twist the magnet into 
a position at right angles to the direction of the mean magnetic 
meridian. A bifflar suspension is convenient although the sensitivity 
of the variometer is somewhat reduced. A plan of the magnet is 
shown in Fig. 41*8. 

Let us first suppose that the direction of Hq changes by a small 
amount j5, but that Hg remains constant. The forces in a horizontal 



plane acting on the poles of the magnet are each wHg, where m is the 
pole strength of the magnet. These constitute a couple of moment 
mHg. 21 cos p. Since ^ is small this does not differ appreciably from 
the couple due to the suspension (it is equal to MHg) and therefore 
small variations in the direction of Hg do not affect the instrument. 

Now let us suppose that Hg becomes (Hg + ^Hg). Then the moment 
about a vertical line through the centre of mass of the magnet of the 
forces acting on it becomes 

w(Hg 4* ffio) • 

i.e. the increase is M . S'Eq, The magnet is therefore deflected until the 
couple due to the suspension is increased to balance the increase in 
the above moment. Thus the spot of light reflected on to the recording 
drum moves. This displacement is determined by calibrating the 
instrument by observing the deflexion caused by placing a magnet 
whose magnetic moment has been previously determined in a known 
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The third type of instniment referred to above is the vertical intensity 
m&gnetograph, None of the instruments designed to record variations 
in Hy was satisfactory until Watson constructed the magnetograph 
described below. In the earlier instruments a magnet was mounted, 
to rotate in the magnetic meridian about a horizontal axis. The 
magnet was loaded so that it was horizontal when the vertical magnetic 
field was equal to the mean value of the vertical field at the station 
in question. The axis of the needle was thus normal to Hy so that any 
variations in Hy deflected it and could be recorded photographically. 
Since the needle was supported on a knife edge, mechanical disturbances 
were a source of much trouble and were only elkoinated when Watson 
constructed the whole of the moving part of the instrument (the magnets 
excepted ) from fused quartz. An additional advantage of Ms apparatus 
is that it can be rendered independent of temperature changes : this is 
most desirable since the magnetic moment of a magnet decreases with 
rise in temperature. 

Watson’s magnetograph consists essentially of two magnets NiSj 
and NgSg, Fig. 41-9, of pole strengths and respectively. They 
were rigidly attached to two quartz rods fused to a small quartz 
plat© P, the upper surface of wMch was polished and flat. The above 
rods were fused to quartz fibres Fj and Fa respectively and these were 
fixed to a quartz spring S and a torsion head T. The small adjustable 
mass m is placed in such a position that the ends Sj and Sa of the 
needles which usually point upwards (in northern latitudes) are de- 
pressed below the horizontal plane through Fj and Fj, and the torsion 
head rotated until the magnets lie M a horizontal plane. Any varia- 
tion in Hy causes the magnets and the plat© attached to them to rotate 
until the change in the couple acting on the system is balanced by a 
change in the torsional couple acting on it. The totally internally 
reflecting prism, R, enables the variations to be detected by a horizontal 
beam of Mght incident upon the system in the manner indicated. 

Magnetic Storms. — Abrupt changes in the magnetic elements 
are sometimes reported simultaneously by the different magnetic 
observatories. These are often associated with the sudden appear- 
ance of a large sun spot and a display of the aurora borealis. 
Changes in the earth’s magnetic field are probably due to external 
influences as the above phenomena suggest. 

' Yarlations in Terrestrial Magnetism. — The magnetic field . of 
the earth is constantly changing. The variations are generally 
slow, and centuries may elapse before the particular magnetic element 
at any chosen place regains its former value, i.e. the period of the 
change is very long. These slow-changing variations are termed 
secular changes,- At the same time the positions of the mag- 
netic poles also change. In addition to these irregular secular 
changes, very accurate measurements have shown that the magnetic 
elements also undergo other rapid, but very small, variations. Thus 
there is a dafiy period, a lunar month period, a yearly period, a 
period of 11 years [the spots on the sun have a similar period] 
and a period of about 26 days, TMs last time is the period in 
which the inner core of the sun nerforms a comnlete revolution. 
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for it . is a well-known astronomical fact that the bub. does, not 
rotate as a rigid body, but that it rotates at different s.peeds in 
different latitudes. 

Zeeman Effect • Solar Magnetics . — ^We have already seen how 
the spectroscope has given us information regarding the elements 
present in the chromosphere of the sun. The same instrument has 
also taught us something about the solar magnetic field. In 1895| 
Zeeman, a Dutch physicist, discovered that when the light from a 
sodium or litliiuin flame situated in a very intense magnetic field 
was examined spectroscopically in a direction parallel to the field 
each line in the usual spectrum became a doublet, whereas if the 
light was similarly examined in a direction perpendicular to that 
of the magnetic field then, in addition to every usual line, there 
were two components associated with it. When direct sunlight is 
examined by a sensitive spectroscope it is found that doublets occur 
when the instrument is directed to the centre of the sun, whereas 
triplets appear if the light examined comes from near the periphery 
of the sun. This shows that there is a magnetic field of great 
Intensity round the sim and that the field is a radial one. 

EXAMPLES XLI 

1. — ^What do you understand by the terms declination, dip, magnetic 
intensity, H ? Describe the use of a dip circle. 

2. — cylindrical magnet of mass 23 gm. makes 10 complete swings 
in 109 sec when oscillating in the earth’s horizontal magnetic field Hq. 
It is 7*8 cm. long and has a mean diameter of 0*95 cm. Wlien placed 
with its centre 15 cm. from a magnetometer, the mean deflexion is 
42*5°. Calculate a value for M and for Hq. 

3. — ^Write a brief account of the more important properties of the 
earth’s magnetic field. 

4. — ^Define the terms : magnetic dip, magnetic declination. Give an 
account of the method you would adopt to compare the horizontal 
components of the earth’s magnetic field at two points in a laboratory. 

6. — ^The axis about which a dip-needle is movable is slowly rotated 
in a horizontal plane. Describe and explain the behaviour of the 
needle during on© complete turn of the axis (a) in England, (5) at the 
magnetic equator. (B.S.S.C. ’29.) 


CHAPTER Xm 


THE MATHEMATICAL THEORY OF MAGNETIC 
PHENOMENA 


Magnetic Media. — Hitherto we have supposed that the magnets 
whose effects have been studied have been situated in air — ^more strictly 
in a vacuum. It is now necessary to consider the changes which occur 
when the magnet is surrounded by a medium capable of being mag- 
netized itself. Many of the equations derived in this chapter will be 
obtained from analogies with the corresponding phenomena in dielec- 
trics. Hence, for the present, no attempt will be made to account 
for the magnetic properties of material media. We shaU therefore 
assume that when an isotropic medium is placed in a magnetic field 
it acquires a certain magnetic moment per unit volume. This is termed 
the intensity of magnetization in the medium, and is denoted by the 
symbol J. [This term is discussed more fully in Chap. L.] For most 
media the direction of J coincides with that of the field. 


Magnetic Intensity and Magnetic Induction. — The magnetic 
intensity at a point in air, [strictly speaking, in a vacuum], has been 
defined as the force per unit positive pole on a small positive pole 
placed at the point. When it is desired to measure the force on such 
a pole inside a piece of iron, or other magnetizable substance, a cavity 
must first be made in the specimen so that the small pole may be 
introduced into it. Now the walls of the cavity will exhibit magnetic 
polarity which will contribute to the total force on the small pole in 
the cavity. The contribution will be determined, in part at least, by 
the shape of the cavity, which must therefore be carefully specified 
if the physical interpretation of tliis force is to have a definite meaning. 

Let us consider the force per imit positive pole on a small positive 
pole, <5w, at the point P, Fig. 42*1 (a), at the centre of a cylindrical 
cavity, whose diameter is small compared with its length, and whose 
axis is in the direction of the magnetization at P. The induced mag- 
netism will appear on the ends of this cavity. If J is the intensity 
of magnetization, and a the cross-section of the cavity, the charges 
of magnetism at the ends of the cavity will be Ja and — Joe, respectively. 
J£ 21 is the length of the cyliader, the force on the small pole Sm at P 


due to the magnetism on the walls of the 


. , . /J a Ja\ 

cavity IS + pfrn. 


This is zero, since the cavity is very long compared with its width. 
The force per unit positive pole at P is therefore due to the magnetizing 
field. CaU it H., 

Now consider the force on when this is at P the centre of a 
cavity whose length is small compared with its diameter— the cavity 
resembles a disc— Fig. 42*1 (b). Again let the axis of the cylinder be 



THEORY OP MA6NETI0 PHENOMENA 7»1 

parallel to the 'field. Let ^ be the area of each piano face of the disc. 
It is only on these faces that induced magnetism will appear. How 
the contribution to the fore© per unit positive pole on. Sm due to these 
induced charges of magnetism is inJ, a result obtained from analogy 
with the corresponding problem in electrostatics [cf. p. 709]. 


M 





(cl) 

Fig. 42-1. 



The actual force per unit positive pole on the small pole in the cavity 
is obtained by adding together the two quantities H and 4.^J. This 
total force per unit positive pole on the small pole is a measure of 
the magnetic induction, B, of the material. Hence 

B ~ H + 

The unit of magnetic induction is the gauss. 

Magnetic Susceptibility and Magnetic Permeability, — ^The 
quantity Xf defined by the equation, J =» is termed the susceptibility 

of the material of the specimen. 

The permeability, pi, of the medium is defined by the equation 
B » pR, Since B « H + 4jrJ, it follows that 


/i = 1 + 

Since the magnetic induction B is related to the magnetic intensity 
H in the same way as electric induction or displacement is to electric 
intensity, it follows that the intensity at a point at a distance r from 
a pole of strength m in a medium whose permeability is pt, is given by 


H - 


m 


The magnetic induction is given by 


B 



Gauss’s Theorem, — ^This states that the fiux of magnetic induction 
across a closed surface is in times the total quantity of magnetism 
enclosed in that surface, 

i.e. = iTtZm, [B» is the normal component of the magnetic 

induction at the element of surface considered.] 

If the surface encloses one or more complete magnets Sw o, so 
that it is only when the surface cuts a magnet that the flux of magnetic 
induction across the surface is different from zero. 

Lilies and Tubes of Magnetic Induction , — A tine of induction 
in a magnetic field is such that the tangent to it at any point 
indicates the direction of the magnetic induction at that point. A 
tube of induction is a tubular surface bounded by lines of induction. 

Lines of Magnetic Induction used Quantitatively.— In' the study 
of the relation between an electric current and the magnetic effects 
associated with it, it is often convenient to us© lines of induction quan- 
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titatively. They are then imagined to be drawn in a iioiformly mag- 
netized medimn in such a way that the number crossing unit area at 
right angles to the field is equal to the numerical value of the magnetic 
induction at that point. If the magnetization is not uniform it is 
necessary to consider an element of area (3S at right angles to the 
direction of B at the point considered. Then the number of lines 
of induction crossing this area is expressed by ' ^ 

6N - B . dS. 

. Number of Lines of Inductioii from a Unit Magnetic Pole. — 
Let a closed sphere of radius r be constructed with a single mag- 
netic pole of strength m at its centre. Let N be the number of lines 
of magnetic induction originating from m and crossing the surface 
above. Then the fiux of induction across this surface is 4?ir® . B, where 
B is the magnetic induction at any point on the surface of the sphere, 

^ ^ w 

But B . 

N r= 45rf®B =« 452W. 

If the pole is in air, the lines of force become identical with the 
lines of induction, and w© say that the number of lines of force arising 
from a unit pole in air is 4?ic. 

The above result has been obtained without reference to Gauss’s 
theorem because of its fundamental importance. Readers who are 
acquainted with the theorem will see at once that the result is true in 
general, for the fiux of induction across a closed surface surrounding 
the pole m is 4:7im. 

Magnetic Potential .—The magnetic potential at a point in a mag- 
netic field is defined as the work done per unit positive pole against 
the field in bringing up a small positive magnetic pole from infinity to 
the point, the magnetic potential at infinity being considered to be zero. 

The magnetic potential at a point in air, and at distance r from a 
pole w, may be determined as follows. The work done per unit positive 
pole against the field when a small positive pole moves from a point 
at distance r to another at distance {r + dr) is 



Hence, V, the potential at the point in question, is given by 



The above result is only true for a point in air. If the point lies 
in a medium of permeability ja, the potential is given by 



■ If V and : (V + <5V) are the potentials at points distances m and 
{a?: + '<3a?) from a common origin and the me^um is air, then is 
the work don© in cariying unit positive pole from the point at lower 
potential to that at the higher potential. This is equal to — H . 
where H is the magnetic intensity between the two points (it is assumed 
it be uniform over the element of distance considered), the negative 
sign occurring since H is directed from the point' at higher potential 
to 'that at the lower potential. Hence 
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It shoidd be. noticed tbat tMs expression is Independent of the inverae 
square law. 

If tb© position of th© point is expressed in terms of its polar 
co-ordinates (r, 0), then Hf, th© magnetic field strength in th© direction 
of T increasing is given by 

dr' 

In a direction at right angles to this the element of length traced 
out by, a point at distance 
f from the origin when 0 
becomes 0 + ^8, is r . ^ 

Hence the magnetic 

field strength in this" direc- 
tion, is expressed by 

1 av 




f • ae • 


The Magnetic Potential 
at a Point in Air due to a 
Small Magnet.-~Let NS, 
Fig. 42*2, be the small 
magnet of pole strength m, 
and let P be a point in air 
whose polar co-ordinates 
with respect to O, the 
centre of the magnet, are 
(r, 0). Then the potential 
at P due to N is tw/NP; 
due to S it is — m/SP. 
But NP = r — 2 cos 0, and 
SP = r -f 2 cos 0, where 22 
is the length of the magnet. 



Hence V 




Fig. 42*2. — Magnetio Potential due to a 
small Magnet. 

1 1 2ml cos 0 


cos 0 f + 2 cos 0J 


M cos 0 


2* cos *0 


[if 2 is small] 


where M is the magnetic moment of the small magnet. 

If Hf and He are the components of the magnetic field strength at 
P in the directions indicated, we have 

' dV 2Mcos0 

Hf ~ ’ 


and 


He 


dr “ 

1 av 

r 00 


M sin 0 


The resultant field strength is therefore 
■■ ^[4 cos*0 4* shi*0]^ = 


If this makes an angle ^ with Hj., tan f) 


“[1 + 3 oos‘0]*. 


m 

Br 


J tan d.. 


[Note that the resultant magnetio intensity is inclined to the initia 
tin©' at an angle 
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Tlie Angle of Dtp at a Point on the Surface of a Sphere when 
there is a Small Magnet at its Centre, — This is an important 
problem since the earth’s magnetic field may, as a first approximation, 
be regarded as due to a small magnet at its centre. We shall therefore 
suppose that the negative pole of the small magnet points to the 
geographic north. — Cf . Fig. 42 '3. Let P be a point on the surface in 

latitude 1 (south). Then (6 -PA) = -g’ Hence the vertical component 

of the magnetic field at P is 

^ 2M ^ 2M . , 

Hf = — ^ cos d =* sm A. 


The horizontal component of the magnetic field at P is He, where 
M sin 0 M 


He 


; cos A. 


If (j& is the angle which the resultant magnetic intensity, Hr, at a 



(ideal case). 


station in the ‘ southern hemisphere ’ makes with He [<^ is the angle 
of dip], then 

H 

tan ^ ~ ~ 2 0 = 2 tan A. 


[In the ‘ northern hemisphere,’ 0 == ^2 + vertical com- 

ponent is negative, i.e. it is directed towards O. Also, tan (jS — ~ 2 tan A, 
but, by convention, O < ^ < ~, so that the minus sign is neglected.] 


EXAMPLE XLII 

If ( 1)1 and are the angles of dip observed in two vertical planes at 
right angles to each other and ^ is the true dip, prove that 

cotv COtVi + COtVs* 
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ELECTRICITY IN STEADY MOTION. CHARACTER- 
ISTIC PROPERTIES OF ELECTRIC CURRENTS. 
VOLTAIC CELLS 

Electricity in Steady Motion. — In onr study of electrostatic 
phenomena only electric fields which were practically invariable 
with respect to time have been contemplated. It is now necessary 
to investigate any effects which might be associated with the 
disappearance or annihilation of an electric field. Suppose that 
an electric field is due to a certain charged body : if this charge 
is removed the field becomes zero everywhere. Electricity has 
moved, i.e. an electric current has existed. The following experi- 
ment shows that an electric field does not always disappear at 
the same rate. 

G, Fig. 43-1, is a gold-leaf electroscope arranged in parallel with 
a condenser [a Leyden jar for example]. The insulated plate of 


g 

w 

G ~J~G 

Fig. 43*1.— Eleetricity in Motion. 

the condenser is connected to a small cavity a in a Hook of 
paraffin wax : the cavity contains mercury. Two similar cups, 
h and c, are connected to earth through a fine wire and a piece 
of cotton respectively. Suppose that a and 5 are connected by 
a copper wire — ^this must be supported on a sealing-wax handle 
to prevent the discharge of the condenser through the experimenter. 
The leaves of the gold-leaf electroscope collapse at once showing 
that the potential of the upper plate of 0 has been reduced to 
zero very quickly.' If. 0 is recharged, and a and c are connected' by 
the copper wire, the ' collapse of the leaves takes place more slowly. 
In each instance we have the disappearance of a quantity of elec- 



Wire 


Cotton 


Earth 
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trieity and the electric field roiind it, but the rate of clsappearance 
varies with the nature of the material along which the^ charge 
has been conducted to earth [or jfrom earth to the condenser if 
the upper plate of the latter is negatively charged]. 

The Detection of Electric Currents. — ^Hitherto the presence 
of an electric current has been inferred from the disappearance 
of an electric charge : no direct means of establishing its existence 
has been mentioned. Let us now ©numerate some means of 
detecting the presence of an electric current. 

(!) The heating effect of a current : Suppose that a short 
length of very fin© wire is stretched between two spheres,, one in- 
sulated and the other earthed. If the knob of a charged Leyden 
jar is connected to the insulated sphere, so that it is discharged 
the wire is volatilized with explosive violence. 

If an experimenter, insulated by standing on blocks of paraffin 
wax, holds one knob of a Wimshust machine in action, the gas 
from a bunsen burner may be ignited if a copper wire held in the 
other hand is brought near to the escaping gas. 

(ii) Mechanical effects : A sheet of glass or a piece of card- 
board may b© punctured when placed between the knobs of a 
Wimshurst machine in operation. The edges of the perforation in 
the cardboard will be burred outwards on both sides : the current 
is therefore oscillatory, i.e. there is a to-and-fro motion of the 
electric charges. 

(iii) Chemical effects : Suppose a piece of filter paper, soaked 

Leads to aqueous solution of starch and potas- 

Ma chine sium iodide, is supported on a piece of wax, 
and two wires, touching the paper, lead to 
the knobs of an electrical machine in action. 
Iodine is liberated when the discharge passes 
— this is indicated by the appearance of 
two blue patches at the points where the 
wires touch the paper, [From what occurs 
in the sequel it will be seen that the 
existence of two blue patches again indicates 
that the discharge is oscillatory.] 
Acidulated water [dilute sulphuric acid] 
may be decomposed by the passage of the 
discharge from a Wimshurst machine. Let 
Fio. 43-2.—- Chemical Aand B, -Mg, 43*2, b© the ends of two 

Epct^ to an very fine platinum wires sealed into glass 
tubes C and D so that only the tips of the 
wires are exposed to the dilute acid in which' they are immersed. 
If.;:, the discharge from an electric machine is passed across' the gap 
ABfor a.lo bubbles of gas collect in 'F,. :a small funnel, the' 
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delivery end of wMch is dosed and very narrow, , The solution 
lias been decomposed: — Plater, it wiM be learned that it iS' the water 
which has been decomposed, the amount of acid remaining constant, 
(iv) Luminous effects : Suppose that Fig. 43-3 represents a 
glass tube containing air at a pressure of about 3 cm. of mercury. 
It is provided with electrodes A and B, these being platinum wires 



43*3. — Luminong and Magnetic Effects of the Discharge. 

sealed into the glass. If these are connected to a Wimshnrst 
machine in operation, a long sinnons ribbon of light will be seen 
stretching almost along the complete length of the tube. 

(v) Magnetic effects : If a cobalt steel magnet is placed near 
to the ribbon of light in the above tube, the path of the light will 
be distorted. Now it is a well-known scientific fact that only like 
things are affected by like things, i.e., in this instance, the passage 
of the electric current through the gas is accompanied by a magnetic 
field which is disturbed when a magnet is brought near to it. 

Rowlai^d, a physicist of the last century, found that when a 
series of insulated metal strips, mounted on a disc capable of 
revolution about its axis, are charged and the disc spun round 
the axis, a neighbouring magnetic needle is defieoted. Such a 
motion of definite electric charges constitutes what is called an 
electric current, and the deflexion of the magnetic needle shows 
that moving electricity can be detected magnetically. 

The Simple Voltaic Cell. — Suppose that a piece of amal- 
gamated ^ zinc and a sheet of copper are dipped into dilute sulphuric 
acid. No action occurs— ordinary commercial zinc would dissolve 
owing to the ‘ local action ’ mentioned below. If the two plates 
are connected metallically the zinc begins to dissolve and bubbles 
of hydrogen appear on the copper plate. K the wire used to join 
the plates is thin it becomes hot ; a small compass needle placed 
near the wire is deflected. ^ From these facts we conclude that 
there is a current flowing in the wire. The question presenting 
itself at once is this : Whence comes the energy to produce this 
motion of electricity ? A condensing electroscope may be used 
to show that there is a difference of potential between the copper 
and zinc plates, the copper being positive. It is maintained by 
electromotive JoTce^ ' e,m£y in the ceil. Later on [c£ Chap. 

, ' ^ An amalgam is defined as a solution of on© or more metals in mercury. 
", : ® The ©fleet can be tncreased by curling the wire so that it forms' a spiral 
•—or solenoid a® it iS ' termed. 
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XLVI] tMs will be further discussed : for the present it is sufficient 
to note that this electromotive force is measured by the potential 
difference between the copper and zinc when there is no current 
flowing. 

Such a combination as 

zinc j acid | copper 

is known as a voltaic celL The plates are called poles, or 
electrodes. 

It has been indicated above that the zinc strip dissolves as the 
current flows. The associated chemical reactions supply the energy 
necessary for the electricity to be sent through the wire and the 
cell itself. The current must flow through the acid as well as 
through the wire, otherwise there would be an accumulation of 
electricity at one or both of the electrodes which is contrary to 
experience. 

The current is carried through the acid (the electrolyte) by 
ions, i.e. atoms or groups of atoms which are charged. For 
example, sulphuric acid in water splits up into two hydrogen ions 
H+, each carrying one elementary positive charge (equal and 
opposite to the elementary negative charge, termed an electron), 
and a sulphate ion carrying two negative charges, SO 4 — . Similarly, 
when common salt is dissolved in water, it ionizes : — 

NaCl-->Na+ + Cl- 
in general, solutions of acids, bases, and salts, contain ions. We 
shall return to this question again in connexion with electrolysis. 

Electrode Potentials — Nernst’s Theory of Electrolytic 
Solution Pressure. — It has just been shown that a potential 
difference exists between two metals dipping into a dilute solution 
of sulphuric acid. Nernst first suggested (1889) a theory which 
would account for this and similar phenomena. According to this 
view every metal has a tendency to ionize, i.e. to acquire a charge 
of positive electricity when it passes into solution. Such an ion 
is termed a cation. With the noble metals this tendency is slight ; 
with copper it is greater ; with zinc stiU greater ; while with the 
alkali metals it is very high indeed. To each metal Nernst ascribed 
a definite ciccifro lyric solution pressure which was a measure 
of the tendency which a particular metal had to form ions when 
placed in contact with water or an aqueous solution. This pressure 
is high for the alkali metals, low for gold, platinum, etc. For 
example, if a piece of zinc is dipped into pure water, a number of 
zinc ions (Zn+) pass into the water in virtue of the fact that the 
zinc has an electrolytic solution pressure. In this process the loss 
of positive charge by the zinc rod causes the latter to become 
negatively charged, so that a definite notential difference exists 
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between the zino and the water. Since the ions are charged particles 
they do not move away from the oppositely charged metal but 
form an electrical ^ double layer* A state of equilibrium, in 
which the positive ions, being prevented from leaving the zinc 
owing to the negative charge acquired by the latter, form positive 
layers on the zino, is very rapidly attained, and although the solu- 
tion pressure is high, the mass of metal dissolved is too small to 
be detected by analytical methods. The equilibrium is a djuiamic 
one. 

Now consider what happens when a metal rod is placed in a 
solution containing its ions. Each square centimetre of the rod is 
bombarded by ions in solution, the number, n, striking per second 
depending upon the concentration of the ions and the temperature, 
i.e. upon the osmotic pressure of the solution. Each metal ion is 
positively charged, and if it adheres will give up its charge to the 
rod. On the other hand, depending upon the solution pressure of 
the metal, N metal ions will 

leave each square centimetre ^ \ Zn \ ^ ^ \ €u 

of the rod per second and 
pass into solution as positive 
ions, leaving an equivalent 
number of negative charges 
behind them. Three cases 
must be distinguished. 

(i) If N is greater than n, 
there is a net transfer of ions 
from the metal into the solu- 
tion, and this process goes on (ci) (h) 

until the potential difference 
at the surface of separation 

between the metal and the electrolyte prevents the resultant 
transfer of ions. This state of affairs is very rapidly reached and 
then the electrode will have taken up an equilibrium negative 
potential with respect to the solution ; this is the so-called electrode 
potentially whose value depends upon N, n, and the charge carried 
by each ion, as well as upon the temperature. Again, an electrical 
double layer has been formed and the mass of metal dissolving 
before equilibrium is reached is immeasurably small. 

(ii) If N = n, the electrode potential will be zero. 

(iii) If N is less than n, as will normally happen with copper 
and the noble metals, the electrode will acquire a positive potential 
with respect to the solution. 

An example of (!) occurs when zinc is dipped into an aqueous 
solution of zino sulphate, for example— cf. Fig. 434 (a). The lower 
the concentration of zinc ions in the solution, the lower wall be 
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their osmotic pressure, i.e. the negatwe potential acquired hj the 
rod will he increased. 

When a copper rod is dipped into a solution of copper sulphate — 
Mg. 43*4 (&)— we have an example of (iii), and here the electrode 
potential wiU be greatest when the copper dips into a saturated 
solution of the copper sulphate, for then the osmotic pressure is a 
maximum. 

Hitherto our remarks about solution pressure have been confined 
to metals, i.e. substances which produce positive ions. It is also 
applicable to substances which yield negative ions or anions. 
For example, chlorine yields negative ions, Ci~, and if the solution 
pressure exceeds the osmotic pressure of the ions the electrode will 
acquire a positive potential. The solution pressure is, in such an 
instance, determined by the pressure of the gas forming on the 
electrode, so that the solution pressure is a function of the actual 
pressure of the gas — thus the electrode potential may be positive 
or negative, depending upon the pressure as well as upon the other 
factors mentioned above. It is very doubtful whether oxygen ions 
can exist as such in solution, but we can have OH”' ions formed : — 
Og + 2 H 2 O + 4 electrons ^ 4.0H‘“. 

The four electrons are carried over from the oxygen gas, leaving 
it positively charged. Oxygen in contact with water or an aqueous 
solution has a positive potential, whose value depends upon the 
pressure of the gas. Hydrogen forms H+ ions. Hydrogen and 
oxygen electrodes can be used, as we shah see, the gas being sup- 
ported by an inert solid such as platinum or carbon. 

It is much easier to measure the p.d. between two electrodes than 
a single electrode potential, so Nernst proposed that aU electrode 
potentials be referred to a standard hydrogen electrode in which 
hydrogen at a pressure of 76 cm. of mercury is hi contact with a 
solution containing one gram-ion per litre. The table refers to some 
elements in equhibrinm with solutions of 1 gram-ion per litre of 
the ion concerned. 


Metal' and Ions 

Electrode Potential 
(Volt, with respect 
to Hydrogen) 

Metal and Ions 

Electrode Potential 
(Volt, with respect 
to Hydrogen) 

■Hg 

+ 048 

Ni 

M+++ 

~0*22 ■ 

■0 ■ I OH“ 

+ 042 

Cd 

Cd++ 

- 040 

Cu ; cu++ 

+ 0*34 

Fe 

Fe++ 

■ - 044 , , , 

H ' H+ . : 

0 

Zn 

Zn++ 

- 0-77 

Pb < Pb++ 

. ~ 0*12 ', 

Na 

Na+ 

-2*61 ' 


The ' Theory of the ' 'Simple Voltaic Cell and Polarization 
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are placed In the same jar of dilute acid. The zinc plate acquires 
a negative potential with respect to the solution, and the" copper 
plate a positive one. Thus there is a p.d. between the plates 
equal to the e.m.f, of the ceh. If the electrodes are connected hy 
a wire, electrons will flow through it from the zinc to the copper 
and the equilibria at the electrodes will be upset. More Zn'^+ ions 
will pass into solution, and Cu++ ions will move towards the copper 
plate, there to lose their charges and be deposited. For every 
gram-ion dissolved or deposited, a definite quantity of electricity 
[cf. Chap. XLVII] will he transferred. 

If the current taken from the ceU is very small, the p.d. between 
the electrodes is maintained, but if the number of electrons reaching 
the copper plate from the wire is larger than can be neutralized 
by the deposition of Cu++ ions from the solution, the potential of 
this electrode becomes more negative, and the e.m.f. is lowered. 
The rate of deposition of Cu+'^ on the electrode depends on their 
concentration in the solution and upon the rate of diffusion from 
the bulk of the electrolyte to the electrode. Similarly, if the zinc 
is losing a large number of electrons per second, the concentration 
of the ions near the electrode is increased and its electrode 
potential becomes less negative. Again the e.m.f. is lowered. 

The lowering of the electrode potential of the copper may be 
sufficient for it to reach the electrode potential of hydrogen gas at 
atmospheric pressure. When this happens, hydrogen can exist 
in equihbrium with ions, and some gas appears as bubbles on 
the copper plate. These bubbles act as * insulators ’ on the 
electrode and make it still more difficult to take current from the 
cell. The positive electrode is now hydrogen, and the e.m.f. of the 
cell is low. When the e.m.f. is lowered on attempting to take a 
large cuiTent from the ceil, the cell is said to be polarized* Polar- 
ization occurs in two stages, the first being due to a change in 
concentration of ions near the electrodes, and the second due to 
liberation of gas at the positive electrode. It should be emphasized 
that polarization is not merely the formation of hydrogen ; the 
e.m.f. has been lowered considerably before that occurs. Polariza- 
tion may be avoided by keeping the ion concentrations as constant 
as possible, and by oxidizing any hydrogen formed. The simple 
voltaic cell, copper and zinc plates in dilute sulphuric acid, polarizes 
very readily owing to the low concentration of copper ions. 

The Daiiie!! Cell. — The details of this cell, first described in 
1836, are shown in Fig. 43*5 (a). The ceU is very reliable and will 
supply a fairly steady current for a considerable time. The copper 
vessel, acting as the positive electrode, is in contact with a solution 
of copper sulphate, kept saturated by the copper sulphate crystals. 
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The porous pot preveuts the rapid mixing of the sohitions. If 
dilute sulphuric acid is used, the electrode potential of the zinc is 
more negative and the e.m.f. of the cell is higher than if zinc sulphate 

solution is used, hut in the 
latter case the e.m.f. is 
steadier, owing to the more 
constant concentration of 
the zinc ions. There is a 
very small p.d. across the 
junction of the two solu- 
tions. The e.m.f. of the cell 
is about 1*08 volts, depend- 
ing on the temperature. 

When the electrodes are 
put into metallic connexion 
with each other, electrons 
IDass from the zinc to the 
copper, thus tending to 
make the potentials of the 
zinc and copper equal — 
cf. Fig. 43*5 (6). By convention, the current is considered to flow 
in the opposite dii*ection. The current thus set up would cease 
after a smal fraction of a second if further reactions did not 
occur. The electrons flowing away Jfrom the zinc cause the 
potential of this elec- 
trode to rise : the equi- 
librium at this electrode- 
electrol 3 rte boundary is 
thereby disturbed and 
the changes occurring 
tend to maintain the 
electrode potential of the 
zinc, for zinc passes into 
solution. At the copper 
electrode the electrons 
arriving there make this 
electrode less positive, so 
that copper ions pass 
from the solution to it. 

Thus the concentrations 
of the solutions change 
when the cell is in action : 
that of the zinc sulphate increases while that of the copper 
sulphate decreases. It is essential to keep the latter concen- 
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Fio. 43’5.— The Action of a Daniel! Cell. 
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Fig. 43*5. — A Daniell Ceil. 
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sulphate crystals. The resultant chemical change in the cell is 
shoTO by the equation 

Zii + CUSO 4 Cu + ZnS 04 . 

If an inquiry regarding the source of electrical energy from the 
Daniell cell is begun it will be seen that the reaction 

Zn + CUSO 4 Cu + ZnS 04 , 

which represents the net chemical change when the cell is being dis- 
charged, is a reaction which occurs directly if zinc is actualy put 
into a copper sulphate solution. It is, in fact, an ordinary spon- 
taneous chemical process which takes place readily if the reacting 
substances are placed in contact : in this instance, of course, no 
electrical energy is produced but merely heat — ^the ordinary 
heat of reaction^ In the Daniell cell this same chemical action 
is made to occur in an abnormal fashion. The reacting substances 
are not in direct contact, but there is an electrically conducting 
path between them. When the circuit is completed the reaction 
takes place in two separate parts — dissolution of zinc from one pole, 
deposition of copper on the other. The net chemical result is the 
same as in the (hrect reaction, but in this instance electrical energy 
is obtained instead of heat. 

In either case this energy comes from the chemical energy residing 
in the system, Zn + CUSO 4 , and it is this energy which brings about 
the chemical change. In the direct reaction this appears as heat, 
in the ceU reaction as electrical energy. Similarly any voltaic cell 
may be regarded as a device whereby some spontaneously occurring 
chemical reaction is harnessed so that its chemical energy appears 
as electrical energy instead of as heat. 

The LecIanchS Cell. — cell of higher e.m.f, than a Daniell 
cell must have electrodes with a greater difference of potential than 
there is between copper and zinc in dilute sulphuric acid. Metals 
having a more negative electrode potential than zinc dissolve too 
quickly to be of much service. Oxygen gas, however, has a higher 
electrode potential than copper, and there is a number of cells 
using an oxygen positive electrode, of which the Leclanch^ is the 
most important. A diagrammatic section of this ceU, whose e.m.f. 
is about 1*46 volts, is shown in Eig. 43*6. The oxygen is supported 
on a carbon rod. Carbon occludes and ‘adsorbs* oxygen very 
readily, but cannot take part in the ceU reactions because it does 
not ionize. In the wet form of the cell, the carbon rod is in a 
porous pot containing a mixture of manganese dioxide, MnOg, and 
powdered graphite, which is necessary to conduct the current, 
manganese dioxide bemg a poorly conducting substance. The porous 
pot and zinc rod stand in a saturated solution of sal ammoniac, 
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suitable enamel to prevent 'creeping’. The chemical reactions 
may be suinmarked as 

Zn + 2NH4CI + 2Mn02 Zn(NH3)aCl2 + H^O + MnA- 
The MiiOg is thus reduced to MngOg, -which is slowly oxidized 
back again by contact with the atmosphere. If the MnOa is 
reduced too rapidly, by taking a large current from the cell, the 
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Fig. 43-6. — A LeclanoM Cell. 


oxygen may be taken from the carbon electrode instead of from the 
air, and the electrode potential falls (possibly so far that hydrogen 
is liberated, and the electrode becomes a hydrogen one. The 
manganese dioxide also helps to keep the concentration of the 
hydrogen low). The cell, tWefore, can be used only for inter- 
mittent currents, but it will stand for long periods without attention. 

The Dry Cell,— This ceil is really a form of Leclanch© coll in which 
the fluid has been replaced by a mixture of sal-ammoniac, hygroscopic 
salts, and sawdust. This mixture must be moist, so that the term 
‘ dry cell ’ is really a misnomer ; its very action depends upon the 
fact that it must be wet. The carbon rod is surrounded by a past© 
mad© from manganese dioxide, coke, ammonium chloride and zinc 
chloride, tliis being a hygroscopic substance. This depolarizing past© 
is contained in a muslin bag (for the past© is a good conductor and 
must not be allowed to come into contact with the zinc). The mixture 
of sal-ammoniac, zinc chloride, and sawdust, occupies the small space 
between the bag and the outer zinc case which forms the negative 
electrode. A small vent in the wax which seals the cell permits any 
gases to ©scape. 

In the making of a dry cell on© of the main considerations is to 
ensure the retention of the essential moisture in the interior of the 
ceil, while at the same time permit the gases generated during the 
working of the cell to escape. In the cell shown in Fig. 43-7 these 
conditions are adequately fulfilled. There is a patented device which 
hermetically seals in the active ingredients but which permits the 
srases to ©scan© durinjs: the working of the cell. In addition it is 
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dispensing with the usual fabric sack and separating the mixture 
from the zinc container by a thin paper lining. The whole is moistened 
with an aqueous solution of ammonium chloride and when the paper 
is saturated with this solution the current passes through the paper — 
it is then a separator but not 
an insulator. ^<3^^ 

The central carbon rod has 
two narrow holes running Jongi- 
tudinally through it. At the 
bottom of the cell a cardboard 
disc fits closely round the rod 
and presses against the paper 
lining. The depolarizing mix- 
ture is then rammed into the 
space between the rod and 
paper lining. A layer of the 
sealing plastic compound is 
then run on top of the mixture. 

Gases formed in the mixture 
rise until they reach the plas- 
tic layer and when the pressure 
becomes great enough they 
pass as bubbles through the 
compound. These burst, and 
the compound flows together, 
thereby re-sealing the cell. 

The air space at the top 
of the ceil connects with the 
vents through the carbon by 
means of slots cut in the rod. 

The reason for the cardboard 
disc with grooves at the bottom 
of the ceil is that by this 
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Fig. 4:3»7. — Siemen’s Dry Ceil. 


means any gases generated at the base of the cell find an exit through 
the vents in the carbon. The depolarizing agent is packed in so firmly 
that the gases formed in tliis region are 
unable to pass through the mixture, and, 
unless they can escape in another way, grad- 
ually force the mixture out of the ceil. 

[Another advantage of this new type of dry 
ceil is that its internal resistance is low- 
on short circuit a current of 50 amperes is 
obtained.] 

The Bichromate Cell.— In this cell, 
Fig. 43*8, carbon and zinc are employed as 
the two electrodes. The Mquid is dilute 
sulphuric acid in which potassium Mchro- 
mate has been dissolved. The solution 
may be made as follows : 1000 cm^. water, 
100 cm®, cone. HgSOi, 80 gm. KgOrjOf. 
The bichromate acts as the depolarizing 
agent, the CrOj. constituent' being, reduced: 



Fig. 43*8.---A:;Bichro* 
mate Oeil. 
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to Cr®0®, The chemical action of the cell is represented by 
SZn + KaCr.O, + 7 H,S 04 -> 

3ZnS04 + K 2 SO 4 + Cr,(S04)s + mfi. 

The e.mi. of this cell is approximately 2 Tolts. 

The Biinsen Cell . — A porous pot containing concentrated nitric 
acid and a carbon electrode [+] is immersed in a vessel containing 
dilute sulphuric acid. A zinc rod is placed in the sulphuric acid 
and forms the negative electrode of the cell. The nitric acid is 
reduced by the hydrogen which is formed when the zinc dissolves, 
and is therefore an efficient depolarizing agent. These cells are 
very objectionable in a laboratory on account of the nitrous fumes 
which are evolved. If the carbon rod is replaced by a sheet of 
platinum, then the ceU is as designed by Gbov®. 

The Weston Cadmium Cell. — ^The cells which have been de- 
scribed previously suffer from the disadvantage that their e.m.fs. are 
not constant when they are in use, and also vary considerably with 
changes in temperature and changes in the concentration of the dis- 
solved substances. For purposes of standardization it is desirable to 
have a cell whose e.m.f. shall be constant, or, if it does vary with 
temperature, then this variation must be small and measurable. Such 
a constant cell is found in the Weston Cadmium Cell. A cadmium 
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Fio, 43*9 — ^Weston Cadmium Standard C©E. 


amalgam forms the negative pole, whilst mercury is the positive pole. 
The liquid in the cell is a saturated solution of cadmium sulphate, 
and mercurous sulphate is the depolarizer. All these substances are 
specially purified before being assembled as in Fig. 43*9. Platinum 
wires serve to connect the electrodes to an external circuit. Such cells 
have an exceptionally high internal resistance. They are not intended 
to give any but very minute currents, and, in spite of their high 
internal resistance [cf. Chap. XLVI], are spoiled if the terminals are 
coimccted bv a short wire. Thev are onlv used as standards with 
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wMch other cells may he compared. The of such a cell is 

expressed by 

E^ = 1’0186 — [3*8 X 10 ~® {t — 20)] volt., 

where is the e.m.f. at f C. From the formula it is seen that the 
e.m.f. is 1*0186 volts at 20^ C, 

In all forms of cells in which zinc is used as one plate, or 
electrode, the zinc gradually dissolves, unless it is exceptionally 
pure, even when the two electrodes are not connected together. 
The high cost of production of very pure zinc renders its use 
prohibitive ; it has been found, however, that if the zinc contains 
4 per cent, of mercury then the zinc only dissolves when the cell 
is in use. The solution of commercial zinc in the sulphuric acid, 
when the cell is not operating, is referred to as local action, 
which we may explain as follows. — Commercial zinc contains traces 
of iron and other metals. If such an impurity is on the surface of 
the zinc plate, and therefore in contact with the acid, it wiU behave 
as the positive electrode of a small voltaic cell. In this small cell 
the zinc will be the negative electrode and will be dissolved even 
when the copper and zinc plates of the large cell are not connected 
together. 

Whenever a steel framework is exposed to the action of water 
containing traces of dissolved salts the metal is gradually corroded 
away. Attempts have been made to prevent this by connecting 
the iron structure with a mass of zinc likewise exposed to the 
same water. It was thought that the zinc alone would corrode 
and thus save the iron structure. Experience has shown that the 
zinc is only effective for the iron in its immediate neighbourhood. 

EXAMPLES XLIII 

1. — Describe a condensing electroscope and explain its use. 

2. — Describe the simple voltaic cell and give an account of its action. 
Explain how, and to what extent, the defects of the simple ceil are 
remedied in (a) a Daniell cell, (6) a Leclanch4 cell. 


CHAPTER XLI? 


ELECTRIC CURRENTS AND THEIR MAGNETIC 

EFFECTS 

The Magnetic Field due to a Current in a Straight Wire* 
— ^When an electric current flows in a straight wire magnetic forces 
are produced in the neighbourhood of the wire. The wire itself 
does not become a magnet, for it cannot attract iron filings, neither 
does it possess any magnetic poles. If, however, a vertical wire 
carrying a large current pierces a sheet of cardboard on which 
iron filings have been sprinkled, then these filings arrange them- 
selves in circles round the wire. The filings are still arranged 
in a circular form when the current is reversed ; but if a small 
compass needle [which may be regarded as an iron filing capable 
of rotation about a pivot] is placed on the cardboard, the direction 
in which the needle points depends upon the direction of the 
electric current in the wire. The direction of these circular mag- 
netic lines of forces can be ascertained from the following rule ; 
Look along the wire in the direction in which the electric 
current is travelling, then the lines of force are such that 
a positive (north-seeking) pole tends to move in a clockwise 
direction. In Fig. 444 the direction in which the N-pole of a 
needle tends to move is indicated. The manner in which the 
magnetic field is related to the direction of the current is perhaps 
best remembered with the aid of Fig. 44-2. [If, on this diagram, 
the names ‘current’ and ‘magnetic field’ are interchanged, we 
have the direction of the magnetic field at the cejatre of a circular 
coU carrying a current flowing in the direction indicated.] 

The tendency of a magnetic pole to rotate may be demonstrated 
by means of the following experiment [Fig. 44*3]. A straight wire 
W dips into the centre of a vessel containing acidulated water and 
is connected to the one pole of a battery. [N.B. A cell is denoted 
by two parallel lines, one shorter and thicker than the other. The 
longer line represents, by convention, the positive electrode.] A 
copper plate P is joined to the second electrode. A piece of soft 
iron rod is magnetized and inserted in a cork 0, the shape of the cork 
being such that the rod floats vertically, with one pole near the sur- 
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face and the other well below it. When a strong current is passed 
through the wire the floating magnet moves in a circle as long as the 
current is passing. The direction of the motion depends upon the 
polarity of M and the direction of the electric current in W. 



Current 


^eedCe 
'^hinder wire 


Fia. 44’1. 


Current 


\^ovenvire 




timder wire. 


[N,B. — ^The cross in the small circle represents the end of an arrow which 
is moving away from the observer ; the dot in its circle represents the point 
of an arrow when this is seen approaching*] 


In the above experiments a large current is used so that the 
effect of the earth’s magnetic field may be small compared with 
that due to the current. The same effect may be obtained by 
passing a somewhat weaker current through several wires in parallel. 



Fia. 44*2.— A steady Current and 
■ : its. Magnetic Field. 



If the current' is weak and only one wire is used the magnetic field 
in a horizontal plane round the wire may be plotted with the aid 
of a compass needle. Such a field is indicated in Kg. 44*11. : The 
presence of a neutral point will be noticed. 
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Mmwelf.s Eiife.-— Maxwell gave the following rule for determin- 
ing the direction of the magnetic field due to a current flowing in 
a specified direction:—!/ an observer imagines that a cork- 
screw is being driven in the direction of the current, a north 
pole, placed in the field, will move in the same direction as 
the screw is being turned. 

Electric Bells. — ^The electric bell is a 
simple practical application of the magnetic 
effect of an electric current : the construction 
and mode of action of such a bell are as 
follows In Eig. 444 M is an electromagnet 
excited by the current from a battery B 
when the button of the switch A is pressed 
inwards so that contact is made between 
two small metal plates in it. The current 
fiows through a spring H which is normally 
in contact with an adjustable contact S, and 
then through the coils of the electromagnet 
back to the battery. Attached to the spring 
H there is a piece of soft iron which is 
attracted to M when the current is established. 
If the contact between H and S has been 
properly adjusted this contact is broken when 
the soft iron moves towards M and the 
current ceases. The magnet is no longer 
excited, H moves back to its normal position, 
and the whole process is repeated. Attached to H is a hammer D 
which strikes the gong C and continues to vibrate until the pressure 
on A is released. 

Telegraphy,— Eig. 44*5 shows in simple form the equipment at 
two stations between which signals have to be sent. It will be noticed 
that the equipment is the same at each station and that the stations 
are connected by a wire or ‘ line.’ Until 1837 a return wire was used 
to enable the current to return to the sending station, but in that 
year Steinheil (Munich) discovered that the earth was sufficiently 
conducting to be used for that purpose. The apparatus consists of 
a Morse key ACD movable about a horizontal axis through C. 
Normally there is contact between A and a metal stud E, but this 
contact is destroyed when I) is depressed to make contact with H. 
M is an electromagnet and the current is supplied from a battery B. 
G is a galvanometer to indicate to the observer that a current is 
passing along the line L. When contact is made between D and H 
the electromagnet at the sending station is not in action, but the 
electromagnet M' is excited. This pulls downwards a piece of iron 
S— the armature. S' is attached to a lever carrying an inked wheel 
W', When M' is excited, i.e. signals are coming in from the sending 
station, a narrow piece of paper is made to move automatically below 



Fig. 44*4. — ^Electric 
Bell Circuit. 
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tlie wheel W'. The speed at which this moves is regulated so that 
if D is pressed down for a short time a dot is registered. If D is 
held down for a longer time the wheel makes a dash. A prearranged 
code of dots and dashes enables a message to be sent. 

If signals were sent over a long distance with the aid of an apparatus 
similar to that Just described they would be so feeble when they 




I*: 



arrived at the second station that the instruments there would not 
respond to them. This necessitates the use at the receiving station 
of a relay which consists of an electromagnet, the armature being 
delicately adjusted. The feeble signals cause this armature to move 
and close a local circuit in which the current is so strong that the 
receiving Morse instrument indicates the arrival of the signals. 


Magnetic Shells of Uniform Strength. — ^When a thin sheet 
of magnetizable substance of uniform thickness is magnetized in 
a direction perpendicular to the surface of the sheet we have what 
is termed a magnetic shell. It is now necessary for us to investi- 
gate the properties of such a shell since its magnetic effects are 
equivalent to those of a current of certain strength flowing in an 
electric circuit coinciding with the periphery of the shell. Although 
such shells do not actually exist they are a means of correlating the 
phenomena of electric currents and magnetism. 

The strength, of a uniformly magnetized shell is defined as 
its magnetic moment per unit area. Thus 


magnetic moment ^ intensity of magnetization (J) X volume 
^ ' area area 

= where i is the thickness of the shell. 

Magnetic Potential due to a Magnetic Shell at an External 
Point.— -Just as the electric potential at a point in an electric field 
is defined as the work done against the field per unit positive 
charge in bringing up a small positive charge firom infinity to that 
point, so is the magnetic potential at a point in a magnetic field 
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de&ied ' ss the work done against the held per unit positive pole 
'in ' bringing np from infinity a . small positive pole to that point. 
Hence, by an argument similar to that given on p. 683, the magnetic 
potential due to a magnetic pole of strength m at distance r from 

it is Let P, Mg. 44-6 (a), be a point at a distance r from the 

centre of a smaE element ABCD of a uniform magnetic shell RS ; 
let 6 be the angle mad© by r with the axis of magnetisation of 
the element and let Ss he the area of each face of the element. 
Then the amount of magnetism on each face is numerically equal 



Fio. 44-6. — Magnetic Potential dne to a Uniformly Magnetized Shell. 

to J . = dm [say]. The magnetic potential at P, a point on 

the positive side of the shell, due to the charge on AB, is 

5 that due to the charge on CD is where 

r — i cos © ’ r + I cos 0’ 

21 5= the thickness of the shell. 


/. avp = — I — H — i- T ~\, 

[r — I coed r + I cos 0J 

where 6Vp is the contribution to the magnetic potential at P, due 
to the charges considered. Since we have. 



dm , 21 COB d 

1-3 


Jt cos d , ds 


_ ^ds . cos Q 

r* ‘ « 

But, . cos6/r^ =: where dco is ' the solid angle subtended by 

the element of the shell at P. Hence 


(3Vp a=s ^ , dm. 
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Since tMs is tra© for each element of the shell, we ha¥e, 


Vp = (fxo, . 

where, ¥p is the magnetic potential at P, and m is the solid angle 
snbtended by the she! at P. 

Suppose now that we require the magnetic potential, Vq, at Q, 
a point on the negative side of the shell. Then from Fig. 44-6 (6), 
as before, 



1 

f + I cos {71 


^ 6 ) 


1 

r — I cos {ST — 0) 




dj? . cos 6 


[as before] 


Now 


dm =: 


Ss cos (tz — 6 ) 

f.2 


6s . cos 8 


<5Vq == — ^ . do, 
and Vq = — ^ . m. 

The meaning of this equation is that if we approach the shell 
and bring np a small magnetic pole from an infinite distance and 
finally arrive at a point on the negative side of the shell, the work 
done against the field per unit positive pole is — ^m. 

Equivalent Magnetic Shells. — Let us assume that a current 
% is flowing in a circuit S, Fig. 44*7. Let us imagine that this has 
been replaced by the network shown and that a current i is flowing 
round each mesh such as the one shown shaded in the same 
direction as the original current. We 
are justified in this for each line 
separating two adjacent elements is 
traversed by equal currents in contrary 
directions so that any magnetic effect 
due to one is neutralized by the other, 
and it is only where the elements 
touch the periphery that the effects 
are not neutralized in this way. Hence 
the effect of aU the elementary currents 
is the same as that of the current in the 
original circuit. 

Now ©xperiment shows that at distances from such elements great 
compared with their linear dimensions the magnetic effect is the 
same as that of a suitably chosen magnetic shell whose boundary 
coincides with that of the element. Since ©very closed circuit may 
' be conceived as made up of contiguous elements as above it follows 
^ that in as far' as its magnetic effects are concerned every closed circuit 
may be replaced by an equivalent .magnetic^ shell [provided that: 
the point where the field is considered does not lie inside the shell]. 
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. Tlie Electromagnetic Unit of Cnrrent.— When the magmtu^^ 
of the current lowing in a closed circuit is numerically equal to 
the strength of its equivalent magnetic shell, that number represents 
the magnitude of the current in electromagnetic units. Hence 
the unit c.m. current is that which, when flowing in a closed 
circuit, may be replaced by an equivalent magnetic shell of 
strength unity. 

Work done per Unit Pole in Carrying a Small Positive Mag- 
netic Pole round a Closed Circuit. — ^Let ABC, Fig. 44-8, be a circuit 
carrying a current i e.m.u. This circuit may be replaced by any 
uniform magnetic shell == i] whose boundary coincides with that 

of the circuit, in so far as 
the magnetic field outside the 
region not occupied by the 
shell is concerned. Let ADB 
be such a shell. Consider 
two points Pj and Pj very 
close to the magnetic shell, 
but on opposite sides of it. 
-B cMaI We shall assume that P^ is 
on the positive side of the 
shell. Then the magnetic 
potential at P^ is where 
^ is the strength of the shell, 
and G)i the soMd angle sub- 
tended by the boundary of 
the shell at Pi. At Pg the 
potential is — Hence the work done per unit positive pole in 

taking a small positive pole from Pg to Pi by a path not cutting the 
shell is 

^©1 — “ {—^02) 4 ' 

In the limit when the shell is infinitely thin, its strength remaining 
equal to however, the points Pi and Pg practically coincide, 

©1 -f ©2 = 4 jy. 



q: I 

^ I 

o|// 




Hence the work done is 4:n^. 

[It should be noted that if the magnetic pole is moved from Pi to 
Pa by a path not intersecting the shell, the work is done by the field.] 

If we now pass from Pj to Pg through the shell, the direction of the 
field is reversed and the work done per pole unit is — It is not 

necessary to establish this analytically, for the magnetic potential at 
a point due to a shell must be single-valued, so that the total work 
done when the path is completely closed is zero. Otherwise useful 
work could be obtained by allowing a magnetic pole to move round 
a closed path drawn in a magnetic field ; this is contrary to experience. 

When we are dealing with the work done in threading a closed 
circuit, however, there is no actual shell present, and the work don© 
in passing from Pi to Pg to complete the path is zero. Under these 
circumstances, the work done on a unit positive magnetic pole in 
passing from P a to Pg via Pj, i.e. in completely threadmg the circuit, 
is 431 :^ =« 4^. ' 

In this instance the magnetic potential at a point will be a multi- 
valued fonctlbn. i.e. its potential may be any of a. series whose: values. 
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differ by multiples of 4m. This is not contrary to the principle of the 
conservation of energy, for a current is not a static effect, and the 
circuit is not in the same condition as it was initially, when it has 
been threaded by a magnetic pole. 

The Magnetic Field due to a Circular Current at a Point 
on its Axis. — Let P, Fig. 44*9 (cs), be the point considered. Let % 
be the current in electromagnetic units, and r the radius of the 
circle. The magnetic potential at P, a point on the positive side 
of the equivalent magnetic shell, is therefore im, where co is the 
solid angle subtended at P by the boundary of the circle. Now 
the soM angle m is formed by the revolution of the diagram about 



Fig. 44-9. — Field due to a Circuiar Current. 


the axis OP. It is defined as the area of the spherical cap ABC, 
Fig. 44*9 ( 6 ), divided by the square of the distance BP. Let 
BP = a. Hence 


CO = 


27 ia^{l — cos 6 ) 


r 


2n{l — cos 0 ) = 27i\ 1 


L* (r* + x^)\ 


r 


dV 

The magnetic intensity at P is — or q, 3 . 2 ^ * intensity, 
H^. 0 , at 0 is found by putting a; ==: 0 in the above. We have 
^ Q == — . If there were N turns of wire, the magnetic field 


at 0 would be increased N-fold, i.e. H^. 


27cNt 


The Magnetic Field due to a Linear Current. — Let P, Fig. 
44*10, be a point at distance r from an infinite wire carrying a cur- 
rent L Let this current flow downwards. The return wire may be 
considered as B at infinity. The equivalent magnetic shell in this 

instance is one half of an infinite plane. If 0 is the APB, the solid 
angle subtended at P by the plane is 20 since 20 is the area of a 
unit sphere whose centre is P cut off by planes PA and PB normal 
to the paper. The section of the sphere by these planes is like a 
section of an orange. Since the surface area of a hemisphere of unit 
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radius is and 7 t is the angle subtended at its centre by its eurred 
surface, it follows that the solid angle is 20 in the present instance 



Fia. 44-10, — Magnetic Field due to a Linear Current. 


since a hemisphere may be considered as a number of congruent 
sections side by side. The magnetic potential at P is 2id = V. 

The magnetic field strength, H, at 
1 dV 

P is — - . since r . dd is the element 

rdd 

of length at P in the direction of 6 in- 
2i 

creasing. This is [indicated by 



dotted arrow at P] . Hence the lines 
of magnetic force are circles. The 
actual direction of this intensity is 
shown by the full-line arrow. 

The above argument is only true 
when the earth’s magnetic field is 
absent. When the earth’s field is 
present the lines of force are distorted 
as in Fig. 44*11. If Hq is the strength of the earth’s horkontal field 
and f the distance of the neutral point ^ from the wire, we have 


Fig. 44- 1 L — Combmed Magnetic 
Field due to a Vertical Linear 
Current and Ho. 




.2i 


, so that i may be determined. Its value will be in electro- 


magnetic units of current. 

If a small compass needle is placed at a distance r due N (or S) 
of a vertical wire carrying a steady current, the needle will take 
up an equilibrium position determined by Hq and H, two magnetic 
fields mutually perpendicular. If 0 is the deflexion of the needle 

^Th© point is readily and accurately deterinined by constructiiig two 
directional loci 'as explained on ■ 
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H = Ho tan 6. if we assume H = Ar^, where A and ?i are con- 
stantSj we may write 

log Hq + log tan 6 = log A + log r . 

By taking a series of observations and then plotting ^ = log tan 0 
against x = log r, a straight line of slope n will be obtained. It 
will be found that ^ 1, as the above theory requires. 

A Modern Variation of Biot and Savart’s Experiment.— 
The manner in which the magnetic field due to a long vertical 
straight wire carrying a current varies with the distance r from the 
wire may be examined exper- 
imentally with the aid of j[j 
a vibration magnetometer. 

This was originally done by 
Biot and Savabt. Suppose 
that A, Fig. 44-12, is a 
section of the wire, the 
current fiowing towards the 
observer. Suppose that the centre of the magnetometer needle 
is directly east of the wire, and at a point P distance r from it. 
Let H be the field due to the current at this point. Then the 
total horizontal field at P is Ho + H, if Hq is the strength of 
the earth’s horizontal magnetic field. 

Suppose that the magnetic needle has a period To when there 
is no current in the wire. Then 


A 


Jp 


Fig. 44-12. — Biot and Savart’s 
Expeiiment. 




To = 23r_ 

where M is the magnetic moment of the magnet and I its moment 
of inertia about the axis of rotation. When there is a current 
in the wire, let T be the period of oscillation. Then 


T = 27t 


J I 


M(Ho -f- H) 

From these equations, we have 

\t) Ho 

Assume H = where A and n are constants. Then 

where C is a , constant. 

If we plot p = ~ ^ ~ of the 

straight line iB n. It will be found equal to 1, i.e. the magnetic 
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jSeld at a point due to the linear current varies inversely as the 
distance of that point from the conductor. 

' Maxwell's Experimental Proof .—Maxwell suggested that the 

following experiment might be used 
to show that the magnetic field at 
a point due to a long straight cur- 
rent was inversely proportional to 
the distance of the point from the 
wire. The apparatus consists of a 
cardboard ring A, Fig. sup- 

ported by three equal strings so 
that it is free to rotate in a hori- 
zontal plane. Suppose that B is 
the wire carrying the cmrent. Let 
NS be a magnet placed on the 
cardboard so that it lies in the 
magnetic meridian with its north- 
seeking and south-seeking poles at 
distances Ti and r 3 respectively from 
the wire. C is a non-magnetio 
counterpoise. Let Hi and H* be 
the magnetic field strengths at 



Pig. 44*13. — ^Maxwell’s* Appara- 
tus for Investigating the 
Magnetic Field due to a 
Vertical Linear Current. 


distances r, and from the wire. 


Then the forces on the magnet, due to the current in B, are Him 
and — Hgm. The moment of these forces about the axis of sus- 
pension is 

Himri — Hamfa. 

Experiment shows that there is no tendency for the system to 
rotate. Hence 


1 . 6 . 


Hi 

Ha* 


fj 

ri 


or the magnetic field varies inversely as the distance from the wire. 

[It is not necessary for the wire to pass through the centre of 
the ring— why 1] 

Magnetic Field inside a Long Straight Solenoid wound 
Uniformly.— Consider such a solenoid havmg n turns per unit 
length. Let i be the current in e.m.u. Then each turn of the 
wire and the current in it may be replaced by its equivalent mag- 
netic shell. Let us assume that these shells are normal to the 
axis of the solenoid, and that opposing faces of adjacent shells are 
very close together. Some such shells are shown in Fig. 444A (a). 
The strensth of these eciuivalent shells is i.e. the magnetic moment 
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per unit area of a face' is i. The magnetic moment of a sheE is 
therefore naH, But the thickness of the shell is 

n 

pole strength = ± naH rmaH, 

n 

Let O' be the siuface density of the distribution of magnetism 
on the faces of the equivalent sheM. Then 

Consider a point P near the centre of the solenoid and in the 
space between two adjacent shells. Since the distance between 


ABCD 




Fig, 44* 14. — Magnetic Field inside a Long Straight Solenoid wound Uniformly. 


these faces is smaU, the intensity, H, at P is + 4:7ta == inni, 
[This value for the intensity is obtained by applying Gauss’s 
theorem, or from analogy with a plate condenser.] 

If the point considered is Q, inside the volume occupied by one of 
the above shells, let us suppose that that particular shell is divided 

^ (I — A 

into two parts of thickness - and I j respectively, where 

0 < < 1. If these are AB and CD, as in Fig. 44*14 (5), the current 

replaced by AB is A, while that replaced by CD is (1 — p)i. 

The magnetic moment of AB is A* • 

, _ Bina^ . „ 

pole strength = ± — — ±7tnm^, 

n 

Hence g is as before. 

Since <r has the same value for CD, we have 
H 4:7zm, 

[The last part of the above argument may be replaced by the follow- 
ing : let the faces of the shells be curved so that Q lies in the space 
between two shells.. Then,, by applying Gauss’s theorem, 

H == iTzm 


as before.] 


G G 






Fig. 44*15. — Astatic 
Galvanometer. 
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, An Astatic GalYanometer.— To detect, small eurreiit aii 
astatic galmnometer may be used. Its principle of action is as 
follows. We have seen tbat a magnet 
tends to set itself with its axis in tbe 
magnetic meridian. If two equal magnets 
are arranged one above the other but with 
unlih:© poles pointing in the same direction, 
the resultant magnetic- moment will be zero, 
so that the system will assume a position 
of rest independent of the earth’s mag- 
netic Seld. . Since - it is impossible to make 
and maintain two magnets of equal 
moment, it follows that every pair of so- 
called “ astatic ” magnets will experience 
a slight control due to the earth’s mag- 
netic field. [Hence it is advisable to place 
the instrument so that the plane of its 
coils lies in the magnetic meridian.] If, 
however, several turns of wire pass round 
the lower needle, as in Fig. 44*15, then 
when a current passes through the coils 
there will be greater magnetic forces on 
the lower magnet than on the upper one so that it will be 
deflected. Th© amount of deflexion is a measure of the current. 
Biioh instruments are practically only used to detect and not to 
measure smaU currents so that they are really astatic galvano- 
scopes. Frequently these effects are multiplied by arranging a 
coil round the upper magnet. The direction of the current in the 
upper coil must be different from that in the lower so that the 
system shall experience forces tending to urge it in one direction. 
AmiiTor, or an aluminium needle, rigidly attached to the suspended 
system enables the deflexions to be measured. 

The Tangent Galvanometer. — Before attempting the- theory 
of this instrument the following experiments should be performed 
A circular coil is placed with its plane at right angles to the magnetic 
meridian and the resultant field due to the earth’s horizontal 
component and the current in the coil mapped with the aid of a 
small compass needle. A diagram similar to Fig. 44*16 (a) will be 
obtained if the magnetic, field due to the current is in the direction' 
of H 0 , If, on the other hand> the coil is placed in the meridian and 
the resultant field mapped'again,,.a.diagram similar to-. , Fig. .44*16'(6) 
will be obtained.. TMs,,uhl5ke.-yie fii*st, is- not symmetrical ■ about the^. 
plane of the coil. If, therefore, a smaU magnetized needle is placed at 
the centre of the coil it will only be deflected in the second instance. 
Let us see how this deflexion enables us to measure a current. 
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Let m be the pole-strength -of the magnet of length 21, whEe 
Hq and H are respectiYely the horizontal component of the earth’s 
magnetic field and the magnetic' field at the centre of the circular 
coil due to a current i in it. If there are N turns and r is the radius 

of each coil,, then H == In the position of equilibrium the 

moments of the two couples on the magnet must be equal, i.e. 
mH 0 . 21 sin Q = , 21 eos 0 , 



Fig. 44-16. — Principle of a Tangent Galvanometer. 


Hence H = tan 0. Substituting in this expression the value 
of H, we have 



In practical units this becomes 


tan 0 . 


1 =: 


lOfHo 

2nN 


tan 0 . 


This equation may be written I = k tan 0, where £‘ 'is called the 
reduction factor of the instrument for the particular number of 
turns employed. This factor is not a constant since it contains M.q, 
which varies from j)lace to place. 


The reciprocal of is denoted by G — it is termed the^ 

galvanometer constant. Hence 

I == ^ tan 0 . 


The units for k and for G mnst always be stated in order to show 
whether or not the current is being measured in absolute or in 
practical units. [N.B. 6 is the field strength per unit current at 

the centre of the galvanometer coil.] 
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The Sine Galvanometer. — ^This differs from the tangent galvano- 
meter just described in that the coil itself can be rotated about a 

vertical axis through its centre. 


A 

i 



In using the instrument the coil 
is placed in the magnetic meridian 
and when a current flows through 
the coil it is rotated until the plane 
of the coil contains the needle. 
When this occurs the field of force 
due to the current is at right angles 
to the needle. The couples on the 
needle are indicated in Fig. 44*17. 
For equilibrium we have 


mHo.2rsin0 = 
H 


: wH.22 
: Hq sin 0. 


Inserting in this equation the 
. rH 

value of Hq, we have ^ i , sin 0, 

Since sin d cannot exceed unity, 
the maximmn current which may 
be measured with a sine galvano- 

4. • 

meter is 

27rN 

The Sensitivity of a Tangent 
Galvanometer. — To determine 
the position on the scale where 
the readings will be least liable to 
error, let dO be a small change in 6 corresponding to an increment 
(31 in the current. The error of reading the instrument will be a 
<31 

when j-* relative change in the current, is also a 
dl 

yriinimiim . Since 1 = h tan 0, ^ ==j^ sec^ 0, so that 


s 

Fig. 44*17. — Principle of a Sine 
Galvanometer. 


I 


sec® 0 
’ tan 0 


2 


sin 20 


.SB. 


This expression is a minimum when sin 20 is a maximum, i.e. 0 = 45®. 

The Helmholtz System of Galvanometer Coils. — It has been 
proved above that the magnetic intensity at a point on the axis of 
a circular coil carrying a current is given by the relation 
^ 2nir^ 

■ (r® 

If the coil has N turns of wire, the above expression becomes 

a ■ 

“ (r* + a!»)S “ (H-f ai>)3 

dH 

The rate at which this field changes mth x is given by which, 

for convenience, may be called y. It is important to find whether 
there is any region over which the above rate of change is constant, 
for, if this is so, by superimposing two fields due to currents in equal 
circular coils it should be possible to obtain a uniform magnetic field 
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over a considerable area. If the rate of change of is constant, 


dy 


then will be zero. Difierentiating the expression for H with respect 


to Xs we obtain 


dM 

dx 


d 

= a^(r^ + ^ Zax{r^ + 


Differentiating again, 

dm 

— = ^ Zalir^ + - 5 xHr^ + 

. dH . 

This is zero if ^ is constant. Equating the above expression to 


zero, we have 


Bx^{r^ -f -= 1* 
/. a; == l-r. 



Fig. 44*18. — Helmholtz’s System of Coils ; Variation of Magnetio Field 
Strength along its Axis. 

The above analysis shows that the rate of change of the field is' 
constant at the above position. This fact is utilized in the construc- 
tion of a Helmholtz tangent galvanometer. Such an instrument is 
not very important to-day, but the system of coils finds an important 
application in accurate determinations of Hq and Hy, and also in the 
absolute determination of the ohm. The system consists of two coaxial 
coils, each of radius r and comprising the same number of turns on 
each. The distance between the centres of the coils is r. When the 
current through the coils is the same and adjusted so that the north 
pole of one coil faces the south pole of the other, there will be a region 
midway between the coils where the •magnetic intensity is uniform, 
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for as we mo%’’0 along the axis from tlie mid -point any diminiition in 
tiie intensity due to one coil is, exactly compensated by the increase 

f 

in the field due to the other coil. If a? « -g, we have 


16 


7iNi 
f ^ 


as the numerical value of the field due to the current in each coil at 
the point considered. Since the coils are arranged so that the actual 
directions of the fields are the same, the total field at the centre of the 
system is double the above, i.e. 

32 

If the planes of the coils are in the magnetic meridian, and Hq is 
the horizontal component of the earth’s magnetic field, 0 the angle 
of deflexion, H = Hq tan 6, i.e. 


i 


6V5“ 

32?r]S[' 


rllo tan d. 


The manner in which the fleld due to each coil varies and the region 
over which the combined field is uniform is shown in Fig. 44*18. 


Experiment , — The manner in which the magnetic field due to a 
circular current varies at points along its axis may be investigated 
experimentally by placing a coil with its axis normal to the magnetic 
meridian. The magnetic field strength at a point on its axis is pro- 
portional to the tangent of the angular deflexion of a magnetometer 
needle placed with its centre at that point. A graph exhibiting the 
relation may then be drawn. 

The Schuster Magnetometer.— The most accurate method of 
determining the horizontal component of the earth’s magnetic field 
was proposed by Schusts® in 1914. The actual research was carried 
out by F. E. SmTH and completed in 1923. The principle of this 
instrument, which has been termed the Schuster magnetometer, is as 
follows : — Two equal coils are arranged at a distance apart equal to 
their common radius as in the Helmholtz galvanometer. A small 
magnet is suspended by a quartz fibre so that its centre is on the 
axis of the coils and midway between them. When a current is sent 
through the coils in the same direction a magnetic field is produced 
which is uniform over a considerable region in the neighbourhood of 
the magnet. Suppose that the planes of the coils are normal to the 
magnetic meridian. Then the magnetic field due to the current in 
them is parallel to the dh’ection of Hq. If the sense of the field is 
the same as that of H©, then the magnet remains undefleoted for all 
values of the field due to the current. If the current through the 
coils is reversed, the sense of the magnetic field due to it will be 
opposite to that of Hq. Let G be the field per unit current (©.m.u.) 
at the centre of the coil system due to a current in the coils. If the 
current is % the magnetic field is As long as Gi is less than 
the magnet will continue to point to the magnetic north, but when 
Gi exceeds the magnet swings round tlnwgh ISO'" so that its 
north pole now points to the south. It continues to do this for ail 
values of Gi > If, however, the coil system is rotated through 
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a small angle— its magnitude depends on the difference hefeweeii' Gi 
and Hq, so that this should be as small as possible — then the magnet 
may be made to set at right angles to the meridian* Suppose that 
these conditions have been realized. 

Let, NS, Fig. 4449, be the suspended magnet so that when deflected 
it is at right angles to Hq. Let the normal 
to the plane of th©. coils make an angle a 
with OK. Let m be the pole strength of 
til© magnet and i the current in the coils. 

Then the magnet is in equilibrium under 
til© action of the two couples indicated. 

Since the moments of these are equal when 
equilibrium has been reached, we have 

•»?Hq . 21 — mGi . 2^ cos a 
if 21 is the length of the magnet. Hence 
Hq = Gd cos a. 

The value of the current was adjusted so 
that a was small when NS was in the 
deshed position. The current was deter- 
mined by * weighing ’ it with the aid of 
an ampere balance. The coils themselves 
consisted of twelve turns of bare copper 
wire wound on a marble cylinder of radius 
30 cm. The suspended magnet was about 
1 cm. long and 5 mm.^ in cross-section. 

This was supported by a quartz fibre 25 cm. 
long carrying a reflecting mirror and damp- 
ing vane. 

Finally Hq was determined with an error of 3 parts in 10®, the actual 
observations taking 4 minutes. The method is exceptionally good 
since it is rapid and sensitive, and errors such as non-uniformity of 
magnetic field, possible magnetic effects of the material of the coil 
supports, and possible electrostatic effects on the suspended system 
were eliminated by paying special attention to the design of the 
magnetometer. 

Bates* Apparatus for the Measurement of the Horizontal 
Component of the Earth's Magnetic Field. — ^This is an adaptation 
of the Schuster-Smith magnetometer for student use. In the original 
method two coils were arranged as in a Helmholtz galvanometer to 
produce a uniform magnetic field to deflect a suspended magnet through 

7t 

an angle -g, when; the above field made a small angle, os, with Hq. In 
the present apparatus only on© coil was used. 

In order to measure a rotation of -g. accurately, Bates used the 

apparatus depicted in Fig. 44*20 (a). It was very satisfactory. The 
small magnet m was suspended by a thin fibre of uiispun silk at the 
centre of a vertical coil of wire AB. The normal to the plane of this 
coil must make a small angle a with the axis of ns in its undeflected 
position. A small plane mirror, M, was attached below this magnet, 
so that the plane of the mirror made an angle of about 45° with the 
axis of the. magnet. Two plumb lines- were placed at X and Y, so that 



Fm. 44*19. — Schuster 
Magnetometer. 
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they were in a vertical plane containing the fibre. [It iS' not essential 
for XY to be perpendicular to ns.] For convenience, two sheets of 
white cardboard, 0 and D, were placed behind the plumb lines as 
indicated. 

Let us suppose that the light from an illuminated slit S, after travers- 
ing the conves: lens L, was reflected from M and that the lens was so 
adjusted that an image of the slit was produced on 0. By suitably 
adjusting the positions of S and L, this image was caused to produce 
a shadow of X which bisected the image. If now the magnet rotated 

through -r, the beam of light reflected by M turned through n, and 

the image of S was now bisected by the shadow of Y produced by 
it. The line XY need not be normal to the magnetic meridian, 
in fact, it must be chosen so that AB does not interfere with the 
light. 





Fig. 44*20. — ^Bates’ Apparatus for the Measurement of Hq. 

A simple form of apparatus which has been found suitable for rapid 
work is shown in Fig. 44*20 (5). The magnet system is suspended 
from a torsion head fixed in a brass holder, so that the magnet lies at 
the centre of the coil. The torsion head is not necessary if a very 
long thin fibre and a strong magnet are used. A stop is provided so 
that the system may not turn through an angle greater than n* The 
arrangement of the lamp and plumb lines is clearly shown in the 
diagram. A box with windows, for shielding the system from draughts, 
is not shown. 

In order to prepare the apparatus for use, the magnet must be 
removed from the brass tube holding it, and the torsion head turned 
until the tube above sets approximately along the magnetic meridian, 
and perpendicular to the plane of the coil. The magnet is then re- 
placed, and a small current passed through the coil. In general, the 
ma^et will he deflected, and the whole apparatus must be rotated 
until a position is found where no deflexion is produced. The plane 
of the coil is then at right angles to the magnetic meridian, and 
the small current merely serves to assist or reduce the effect of 
the horiajontal component of the earth’s magnetic field upon the 
mamet. 
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The whole apparatus Is then rotated, say, anti-cloekwise, so that the 
eoil moves through a small angle a about a vertical diameter. To 
measure this angle, a metre scale 2 is suitably attached to the base 
of the apparatus. The ends of this rod lie immediately above ■ graph 
paper. The distances through which the ends of the rod move when 
the apparatus is rotated are recorded. If these are di and dg respec- 
tively ; then a is equal to (d^ + dgl/lOO radians. 

The lamp, etc., are then adjusted so that the light reflected from 
the mirror fails upon X. A current, measured by a potentiometer 
method, is passed through the coil and gradually increased until the 
light falls on Y. If the torsion in the fibre is large the torsion head 

should be rotated through in such a direction that the twist in the 


suspension is reduced to zero. More accurately, the rotation should 
be then have 


^ 2.T:Isn 

Ha == -tt; — cos a == cos a, 

0 ^ 


where I is the current in amperes, H the number of turns of wire in 
the coil, and r the elective radius of the coil. 

-y— is the G of the previous section, and we see that G has dimen- 
sions cm.*“^ 


Eleoteobyhamios 


The Mechanical Force on Currents in a Magnetic Field. — 
Since when a magnet is introduced into a magnetic field it experi- 
ences mechanical forces, the fact that a current in a closed circuit 
is equivalent to a magnetic shell naturally causes us to expect that 
when a conductor carrying a current is introduced into a magnetic 
field it will experience a mechanical force. 

The following experiment, due to Faeabat 
(1822), shows the existence of this mechanical 
force. A, Fig. 41-21, is a glass tube provided 
with a close fitting cork 0 through which 
passes a cobalt steel magnet NS. The cork is 
covered with mercury. X is a piece of copper 
wire free to rotate about a pivot P connected 
to one pole of a battery B. The lower end of 
the wire X dips into the mercury. The other 
electrode of B is connected to the mercury by a 
wire passing through C. Under these con- 
ditions a current passes down the wire X as 
indicated and this will be found to rotate in a ^ 

clockwise direction as seen from above. If uay’s Experiment 

the current is reversed, the wire will move to show the Force 

with the same angular velocity in the oppo- ^ 

site direction. ' Field. 
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' It kas 1)6611 skown tliat the magnetic field strength at a point P 
at a distance r from a straight we carrying a current i is 2i/r. 

If a magnetic pole of 
strength m is placed at P 
it will experience a force 
2im/r in the direction 
indicated in Fig, ' 44*22, 
Since action and reaction 
are equal and opposite 
it follows that in conse- 
quence of this force on 
there wiH he' an equal 
and opposite force on the 
wire. Its direction is 
shown in the diagram. 
From the above it will be seen that the direction of the force 
on a conductor carrying a current in a magnetic field is expressed 
by Fleming's Left-Hand Rule, According to this, if the thumb 
and first two fingers of the left hand are extended so that they are 
at right angles to one another, and the first finger points in the 
direction of the magnetic field, the second in the direction of the 
current, then the thumb points in the direction of the mechanical 
force on the conductor. This is illustrated in Fig. 44*23. 

[Strictly speaking, this rule 
only applies to the particular 
instance when the wire is in air 

and iH, i.e. the angle between 

the directions of i and H is 

In other instances the first finger 
must point in the direction of 
that component of H which is 
at right angles to the wire and 
in the plane containing i and H.] 

If I is the length of a straight 
conductor carrying a current i 
[e.m.u,] and H is the intensity of the magnetic field, the magni- 
tude of the force on the wire is given by F = iHI. 

^ Barlow's WheeL—ThiS ' experiment is another illustration of 
how electrical energy may be converted into mechanical energy as 
in an electric motor and also enables one to verify Fleming’s 
left-hand rule. A. copper wheel, Fig. 44*24, is- supported on;a 
horizontal brass axle as indicated. The supports ' for the 
are carried on ebonite pillars, - The periphery of the wheel makes 



Fia. 44*23. — Fleming’s Left- 
Hand Rule. 


Curt&nt 




ILEOTRODYNAinCS 


829 



contact with, a pool of mercury, A, placed in the wooden base of the 
instrament. A smaller copper wheel fixed to the axle just dips 
into another • pool of mer- 
cury, B. These, mercuiy 
pools are connected to a 
battery so that a cuiTent 
passes from.' the axle to 
the periphery of the wheel. 

A powerful horse- shoe mag- 
net' is placed so that the 
lines of force are perpen- 
dicular to the plane of the 
wheel over a considerable 
portion of it. When the 
current is passing the wheel 
rotates in a direction given 
by Fleming’s Left-hand 
Rule, viz. when the cur- 
rent passes from the axle 
to the periphery of the 
wheel, the motion at A 
is away from an observer to 
whom the lines of magnetic 
force run from right to left. 

The Force on a Conductor carrying a Current in, a Magnetic 
Field,— Let P, Fig. 44 ‘25, be a point at distance a from a long straight 
conductor carrying a current i. Then the magnetic intensity at P is 

— [cf. p. 816]. This means that if a unit positive pole is placed at P, 
u 

2 ^ 

it will experience a force — — its direction is indicated. There will be 

an equal and opposite force acting on the wire due to the unit magnetic 

pole at P. This will be equal to the 
resultant of all the forces acting on 
the different elements of length into 
which the conductor may be supposed 
divided. Let AB be such an element 
of length <5s, where s is the distance of 
iV from O, the projection of P on the 
wire. Then H, the magnetic field 
strength at A (the medium is assumed 
to be air), due to the unit pole at P is 

and is directed along PC, where C : 

is the mid -point of AB. Let the 
force, {5F, on this element be 




Fig. 44*24. — Barlow’s Wheel. 


M 



Fig. 44*26. — Force on a 
Conductor, 


where /(6) is to be determined. It 
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will be asstimed thafe tbis force is parallel to the resultant force 
on tlie wire. Then the total force on the wire due to unit , magnetic 
pole at P is 

r u 

^ ./(9) .t.ds = F [say]. 


*1" 


J.II -s ^ = a cot d, i.e. da — — a oosec® 0 . 

rO ^ 

/. F = — 2 ~ ,f(d) , i , a Gosec^ $ . dd 

J cosec® 6 ' 


2e‘ r ® 

a! 

J -JT 


f(d)^d6 


But F, the resultant force on wire. 


?! 
* a 


f(0)dd 


1. 


i sin dds. 


This is satisfied if /(6) = sin 0. 

Force on element due to the imit magnetic pole at P 

The force on AB is therefore iH sin 0.^5, since H, the field at A 
due to the unit pole at P, is 

If the magnetic field is uniform and everywhere normal to a wire 
of length I carrying a current i, the force on the wire is liH, 

Laplace's Law. — It has just been established that the force on an 
element of a straight conductor carrying a current i is 

i sin 6 . Ss 

where r is the distance of the element from a unit magnetic positive 
pole. Since action and reaction are equal and opposite, it follows 
that the magnetic field strength at P due to the current in the wire is 

i sin 6 , Ss 
r® * ■ 

This is Laplacei’s law. 

If there is a pole of strength 5m at P, the force on it due to the 
current in 5^ is 

Sm.i sin 0 . 5s 


The Mutual Action of Currents. — A mtpMir first investigated 
the action between wires carrying currents. We shall limit our 
discussion to parallel wires. He found that when , the currents 
flowed, in the same direction there was an attraction between 
them. 'Dn. 'the other hand, , when the currents flowed in opposite' 
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directions there was repulsion. The lines of force in a horizontal 
plane when the cuiTents are passing Tertically downwards are 
giTen in Fig. 44*26 (a). We notice that all the Hnes (tubes) of force 


surround both conductors, 
and since there is' a tension 
along a tube of force these 
will tend to contract and 
draw the wires together. 
The corresponding field 
when the currents pass in 
contrary directions is given 
in Fig. 44*26 (6). In this 
instance no tube of force 
surrounds both conductors, 
and since the tubes are 
more crowded together in 
the region between the 
wires, these will be pushed 
aside in virtue of the lateral 
thrust which exists along a 
tube of force. 



Fia. 44*26. — Lines of Magnetic Force 
due to Currents in Parallel Wires. 


Experimental liinstrations. — ^In Fig. 44*27 there is represented 
a long coil of copper wire about 6 cm. in diameter. Its upper end 
rests in mercury while its lower end just touches some mercury in 



a second container insulated from the first. When a current is 
passed through the coil the mutual attractions between its various 
turns causes the coil to contract : the current is broken and the 
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coll expands, thereby completing the circuit again. The process 
Is. then repeated. 

■ Fig. 44*28 indicates a fixed coil A and a movable one B. The two 
coils are not in the same plane. When a current passes tkrongb 
each coil attraction ensues if the currents in the adjacent sides pass 
in the same direction. There is repulsion when one of the currents 
is, reversed. 

Fig. 44-29 {a) depicts a coil of wire [a solenoid] attached to a piece 
of wood so that it shall be rigid. Its two ends dip into meroui-y 



cups so that the coil is free to rotate about a vertical axis. By 
making contact between the cups and a battery a current maybe 
passed through the solenoid. Let us assume that when an observer 
looks along the coil in the direction SN, the current appears to 
flow in a clockwise direction. The magnetic field at that end will 
possess south-seeking polarity. An aid for memorizing this is shown 
in Fig. 44-29 (6). The end S of the coil will therefore be attracted 
by the north-seeking pole of another magnet. It will also be 
attracted by another solenoid if the current in the latter flows in 
the appropriate direction. 

Suspended GoiL— The problem of determining the forces on 
a rectangular coil suspended in a magnetic field is very important 
since upon its solution depends the principle of many current 
measuring instruments. Let ABCD, Fig. 44-30, be a fixed rect- 
angular coil of length I and breadth 6 placed in a magnetic field 
of strength H, the direction of the field always being in the plane 
of the coll. [This field is a radial one— -it is obtained by using the 
system shown in Fig. 44-32 (h),] If the current flows in the direction 
indicated each vertical side of the wire will experience a force iBI 
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acting in ,tke directions skown. Tkese constltnte, a- conple wkose 
moment is iHI . b = mH, where a is the area of the coil,. 

If the coil is made of N turns of wire each with an area a, the 

moment becomes .M . MI 
where A Na, the eifectiwe area 
of the coil. 




Fig. 44*30. — Couple oa a Bect- 
angular Coii carrying a Current in 
a Badial Magnetic Field. 


Fig. 44*31. — Couple on a Plectangular 
Coil carrying a CuiTent in a Uniform 
Magnetic Field. 


Now suppose that the. coil is suspended in a uniform magnetic 
field parallel to the zero position of the coil-~-cf. Fig. 44*31. If 
the coil is deflected through an angle d, each force fill is inclined 

to the plane of the coil at an angle 6^* The couple is there- 
fore fHI,5cos6. If there are N turns of wire, the couple is 
fHA cos 0, where A, = NI5. For equilibrium 

fAHcos0 = c0, 

where, c is the restoring couple due to the suspension when the 
twist in it is one radian. 

Tlie Saspended Goi! Galvanometer .—This is a most reliable ■ 
and sensitive instrument for detecting electric cuiTents. A, narrow / 
coil, Fig. 44*32 (a), consisting of many turns of wire (only the 
frame on -whicli these are wound is shown) is suspended from a 
movable head by a, fine phosphor bronze wire between the poles; 
of a strong magnet. When a current flows through the coil 5, forces 
act , ill contrary directions on the opposite sides of the coiljfi.e. a 
couple acts on the coil which rotates until the twist, ,in the suspen- 
sion produces an equal and opposite couple.'. To make the eouple 
acting on the coil as large as possible for a given current the coil 
must consist of many turns of wire, and be placed in, a' strong 
.magnetic field. ,To iiie,rease the' d.eflexioii the suspension is made ^ 
very fine, so that, the torsional. eouple per, unit angular displace-', 
ment, is, small, . in, order to - o.oneentrate the field, and arrange t'nat 
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it is always parallel to the plane of the coil for all positions of the 
latter not far removed from its position of rest a cylindrical piece 
of soft iron is fixed midway between the poles of the magnet. 
The cuiTent enters the coil through the suspnsion and leaves 
through a very fine spiral below the coil. This spiral is made of 
very fine wire and consists of several relatively large turns so that 
it shall exert only a small restoring couple on the coil. A mirror 



Fig. 44*32. — Suspended Coil Galvanometer. 


rigidly attached to the framework of the coil or to the lower and 
thicker portion of the suspending wire — ^there must be no relative 
motion between the mirror and the coil — enables any small deflexion 
to be measured. Let us assume that 0 is the angle of deflexion 
and that c is the couple in the wire due to umt (radian) difference 
of twist between its ends. Then cO is the couple in the present 
instance. But we have seen that the moment of the forces on the 
coil is iAH. When equilibrium has been attained this must equal 
the couple due to the twist in the suspension, i.e. 

iAH = ed, or i = ~. 

’ AH 

Dead Beat and Ballistic Galvanometers.— The theory given 
above applies only to steady currents. In moving-coil galvano- 
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meters designed to measure only steady currents the coE is wound 
on a metal frame' (copper) : tMs is iiigMy damped, i.e. it is wery 
quickly brought to rest, when it moves in a strong magnetic ield 
[c£ p, 950] and the instrument is dead-beat. If, however, the 
coil is wound on a celluloid or a cane frame, the instrument is not 
dead-beat unless the external resistance is less than a certain 
critical value—it is ballistic, i.e. it does not attain its final position 
at one© but oscillates about it, the amplitude of the oscillations 
gradually decreasing. Although it may still be used to measure 
a steady current, its real value lies in the fact that it can detect 
fcransient currents, i.e. currents which exist for a short but finite 
time. It actually measures the quantity of electricity which passes 
through the cods, e.g. the discharge from a condenser. In order- 
to do this an essential feature of a ballistic galvanometer is that 
the moving system shall not have moved from its jsero position 
before the whole of the quantity to he measured has passed. To 
ensure this the moment of inertia of the system about its axis of 
suspension must be as large as possible, i.e. the tune of swing 
must be large. Also, the couple tending to restore the system 
to its equilibrium position when it is displaced must be as small 


as possible. 

Thus if a condenser is charged and then discharged through a 
ballistic galvanometer, the system will move in the above manner 
owing to the impulse it has received due to the passage of a quantity 
of electricity through it. It may Be 
shown that the magnitude of the first CpH 

swing outwards [the deflexion of the 5 


galvanometer, its ‘ throw ’ or ‘ kick ’] is 
proportional to this quantity of elec- 
tricity (Q). 

Kelvin's Moving Magnet Galvano- 
meter In principle a moving magnet 
galvanometer is a tangent galvanometer, 
only it is much more sensitive. The 
formula for a tangent galvanometer is 

i = tan 0. 

2jrN 

From this it appears that in order to 
measure a small current, r must be 
small, and N large, for under these 
conditions 6 becomes larger. It ds im- 
possible, however, to make r small and 



Fig. 44*33. — Moving Mag-' 
net ■ Ballistic ' Galvano- 
meter. 


at the same time have a large number 


of , turns unless the diameter ■ of the wire is very small. This 




aSf ■ ■ 1IA6NETISM AND ELECTHIGITY 

kcreasas tlia. resistoce; of tho instrumeat, a coaditioE not alwaj^i 
desirable. Heaee, in praotioe, a compromise mast, be effected. ' A 
type of m.c)Tl.B.g magnet galvanometer designed by Eelvin is,: sbown 
in Iig. 44*33. It uses fixed coils and a moving system of iiia-g» 
nets, tbe axis of tbe coils being' normal to that of , the magnet 
system. The magnet system is an astatic one: this is used so 
that the restoring couple on the system shall be snaall— an 
essential condition if great sensitivity is to be obtained. The 
highest sensitivity is obtained by adjiiating a. controlling mag- 
net so that the magnet system lies, in a field which is small 
but, not quite uniform. This last condition is only necessary if 
the. system is perfectly astatic— very seldom.' if ever obtained in 
practice. AB is^ an aluminiiim or glass rod suspended by a quartz 
or silk, fibre. The magnets, are such that their planes are accurately 
parallelj but their polarities are reversed. 

The coils carrying the current are wound in contrary diioctions 
so that the couples, on the' upper and lower magnets assist 'each 
other. 

These galvanometers are considerably affected by stmy non- 
uniform. magnetic fields, so that they are generally screened by an 
iron shield cylindrical in shape and surrounding the instrument. 

Eelvin galvanometers, may be used to measure either transient 
or steady currents, the deflexion being noted with the aid of a 
mirror rigidly attached to. the magnet system. 

Very often each magnet is replaced by a system of three short 
magnets ; in this way the moment of inertia of the system about 
its axis of rotation is reduced while the effective pole strengths 
are increased. Both these conditions are desirable. 

Comparison of the Moving Magnet and Suspended Coil 
Galvanometers. — 

Movma,^ Magkes T'3iTB SuspmsmBn Coiii 

(i) May be used to measure May be used to measure tran- 

transient 'currents as well as. steady sient- currents as- wefl as steady 
currents. currents. 

(ii) The system is always bal- The system is ballistic if the 

listio, frame on which the coil is wound 

is made of ivory, cane, etc. 

(iii) H is varied by means of a H is fixed, 
control magnet fixed to the instru- 
ment. The field due to., this . 

magnet is generally arranged so ■, 
that the^ horizontal component .of ' ' 
the ^earth’s, magnetic field is . ■ 
minkhed ; the ihstrament is then 
more sensitive.' ' ' 
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Moving Magnks Type. 

(iv) Tile motion is not affected 
by short circuiting the coils. 


(v) flTien used to measure the 
charge on a condenser the throw 
is independent of the resistance in 
the circuit — ^unless the resistance 
exceeds 10® ohms when the rate 
at which the discharge takes place 
is slowed down and the magnet 
moves before the discharge is 
completed. 

(vi) When measuring the charge 
induced in a coil it must be re- 
membered that the charge is in- 
versely proportional to the resist- 
ance of the circuit, so that the 
galvanometer throw also varies in 
the same way. Tills is only true 
providing that the resistance is not 
so large that the time for the dis- 
charge to take place becomes 
appreciable in comparison with 
the period of the galvanometer. 


(vh) The instrument may be 
used in any position with reference 
to the earth’s magnetic field, a 
control magnet effecting any de- 
sired orientation of the needle. 

(viii) The time of swing may be 
changed by altering the position 
of the control magnet. 

(ix) The instrument must be 
screened from external variable 
magnetic fields. 

(x) The needle may be brought 
to rest by placing a solenoid near 
the galvanometer. This is con- 
nected to a cell and tapping key. 
The key is momentarily depressed 
when the swing is in such a direc- 
tion 'that by so doing the ampli- 
tude is reduced considerably. 


SuspEN-DBi) Coil Type 

The system may be brought 
very quickly to rest by short ^ 
circuiting the coils, for this then 
forms part of a closed circuit 
moving in a very strong magnetic 
field, and the motion is retaixled by 
the effects of the indiioed. e.in.f. 

When used to measure the 
charge on a condenser the tlirow 
is independent of the, resistance in 
the circuit — ^unless the resistance 
exceeds 10® ohms when the rate 
at which the chsch,arge takes place 
is slowed down and the magnet 
moves before the discharge is 
completed. 

The suspended coil galvano- 
meter oamiot be used if the resist- 
ance of the circuit is so low that 
the motion of the coil is not 
ballistic. In such instances it is 
necessary to place a resistance in 
series with the galvanometer, and 
of such a value that the motion is 
ballistic. This reduces the quan- 
tity of electricity passing for an 
induced e.m.f. of given magni- 
tude. Moreover, the resistance 
must not be so large that the time 
of discharge becomes comparable 
with the period of the instrument. 

The instniment is not affected 
by external magnetic fields of 
ordinary magnitudes. ■ 

■ The time of swing is fixed. 


No screening is necessary. 


The coil may be brought to rest 
by short circuiting it. 
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EXAMPLES XXIV 

— ^Define the absolute and practical units of potential difierenco 
and current. How is the electrical resistance of an electric circuit 
defined ? In what units is it measured ? 

2. — Indicate how the magnetic intensity due to a linear current may 
b© calculated from a consideration of the equivalent magnetic shell. 

3. — ^Describe (a) the Daniell cell, (&) the Leoianch6 cell, and give an 
account of the processes which take place in each when it is in action. 

4. — 'Define the electromagnetic unit of current and state what 
relation it bears to the ampere. A circular coil of 10 turns and 10 cm. 
diameter is placed in the magnetic meridian and has a small magnet 
at its centre. Calculate the current in amperes which will d©fl.©ot the 
needle 46® if the horizontal component of the earth’s field is 0*2 oersted. 

6. — ^What is a uniform magnetic shell ! Define the strength of such 
a shell. 

Derive an expression for the magnetic intensity at a point in the 
middle of a solenoid 40 cm. long and 1 cm. in radius, wound with 400 
turns of wire carrying a current of 6 amperes. 

6. — ^Derive an expression for the magnetic potential at a point in air 
due to a short bar magnet, and deduce an expression for the magnetic 
potential due to a uniform magnetic shell. Apply this result to cal- 
culate the magnetic intensity at a point due to a linear current of 
2 amp. in its neighbourhood. 

7. — What precautions must be taken to obtain an accurate value 
for the defi^exion of the needle of a tangent galvanometer when a 
current is passed through its coils ? 

If Hq is the controlling field in which a tangent galvanometer is 
placed, show that the resultant horizontal field when the needle is 
deflected through an angle (j> is Hq sec. <j>. 

It is observed that when a certain current is passed through a given 
tangent galvanometer that the needle is deflected 60°, and that when 
disturbed it oscillates about its position of equilibrium at a rate of 
20 cycle. min. When the current is reduced to give a deflexion of 
45°, what is the rate of oscillation of the needle about its new position 
of equilibrium ? 



CHAPTER XLV 

OHM’S LAW AND ITS APPLICATIONS 


Til© E.M» Unit of Ciirreiit. — ^We have already defined 
unit of current and, basing our argument on this definition, sbown 
that tb© magnetic intensity at tb© centre of a coil of radius r 

2l7li 

and carrying a current i (e.m.u.) is — . Students wbo find tbe 

previous argument difficult may therefore assume this result and 
define tbe electromagnetic unit of current as follows : — ^it is that 
steady current which, when flowing in a circle of unit radius, 
produces at its centre a magnetic field of strength lut oersted, 

27t 

or if the circle has a radius r, the field at the centre is ~ 
oersted. 

Tbe Practical Unit of Current. — ^For many purposes, tb© 
above unit is too large, so that tbe practical unit of current is 
defined as one-tentb of tbe e.m.u. of current. It is called tbe 
ampere. Thus, 10 amperes = 1 e.m.u. of current. 

Tbe Electromagnetic Unit of Quantity of Electricity. — ^This 
is defined as the amount of electricity flowing per second 
through a conductor which is carrying a steady current of 
one e.m.u. It is sometimes called a weber. 

Tbe Practical Unit of Quantity of Electricity .—TMs is termed 
tbe coulomb or ampere-second, and is tbe amount of electricity 
flowing per second through a conductor when tb© current in it is 
one ampere. Thus 10 coulombs = 1 weber. 

The International Ampere. — ^Tbe ampere already defined is 
tbe true ampere: to provide a convenient working definition of 
the practical unit of current tbe chemical effects of a current are 
utibzed. The international ampere is that unvarying current 
which when passed through an aqueous solution of silver 
nitrate deposits silver at the rate of 0‘OOlllS gm. Con- 

sequently, the international coulomb is that amount of electricity 
which will deposit 0-001118 gm. of silver from an aqueous silver 
nitrate solution. 


839 
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Tlie iatemational ampere was intended to be, equal to tbe true 
■ampere:' actually it is 0*025 per cent* smaller. In ordinary 

■ practice tMs slight difference is neglected. 

ElectromotiYe Force and Potential Difference .—We have 
seen that when a copper and a zinc rod are dipped into dilute 
sulphuric acid a current flows from the copper to the zinc when 
these are connected by a wire. TMs is because as soon as the plates 

■ are placed in the acid there is established between them a potential 
difference [p.d.] with respect to the liquid. The copper is positive 
and the zinc negative. The reason for tMs is that, wMle both metals 
have a tendency to pass into solution and carry positive electricity 
with them, the tendency is greater with zinc. Hence an excess 
of zinc atoms with positive charges — ^termed ions \l6v a wanderer] 
—pass into the solution and leave the zinc negatively charged. 
The copper, on the other hand, acquires a positive charge. The 
motion of the positive electricity through the cell is due to a chemical 
electromotive force (e.m.f.). Thus, the e.mi. of a ceil acts from 
the zinc to the copper and drives positive electricity to the copper. 
It is in virtue of tMs e.m.f. that there is established between the 
two metal plates a difference of potential. This potential difference 
does not increase indefinitely since there is only a finite e.m.f. in 
the ceil. It only rises xmtii the tendency for positive electricity 
in the cell to move towards the copper under the influence of the 
e.m.f. is neutralized by its tendency to move towards the zinc 
under the influence of the p.d. between the plates. Thus, when 
no current is passing through the cell its e.m.f. is equal to the 
p.d. between its plates. 

An e.m.f. and a p.d. are measured in the same units. 

The e.m.u. of Potential Difference. — Suppose that A and 
B are two points in a conductor through which a current 
is flowing. Let this current flow for such a time that one 
e.mM. of quantity of electricity passes across each section of 
the wire normal to the lines of flow of the current. Then 
if the energy liberated is one erg, the potential difference 
between A and' B is one e.m.u. of potential. 

The Practical Unit of Potential' Difference.— TMs is termed 
the volt. 'If the' current flows for such a time that one 
coulomb passes across each section of the conductor normal 
to the lines of flow of the current and the energy liberated 
is one joule [the '' practical unit of energy], the potential 
difference between A . and B is one voU. 

Relation between the Electromagnetic and the Practical 
Units of Potential Difference.— If a , definite; p.d. exists between 
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two points in a conductor, tiie same amount of energy w!l 
always be liberated irrespective of the units used to express 
the q^uaiitity of electricity and the potential difference. Mow 
when one oouiomb is transported across each section of a con- 
ductor between whose ends there is a potential difference of one 
volt, the energy liberated is one joule, or 10^ ergs. Since one e.m.u, 
of quantity of electricity s 10 coulombs, the energy liberated 
when this' quantity of electricity passes each cross-section of the 
above conductor is 10 X 10^ = 10® ergs. But since, when one 
weber is transported across each section of a conductor between 
whose ends there is a potential difference of one e.m.u. of potential, 
the work done is one erg, it follows that 

1 volt s 10® e.m.u. of potential. 

[Strictly speaking, this is the true volt.] 

Olim^s Law. — When a steady current is flowing through 
a conductor the potential difference between its ends divided 
by the current is a constant, provided that the physical 
condition of the conductor does not change. This constant 
is termed the resistance of the conductor. It is measured in 
true ohms when the potential is in true volts and the current in 
true amperes. 

A conductor has a resistance equal to one e.m.u. of resistance 
if the p.d. between its ends is one e.m.u. of potential when the 
current through it is one e.m.u. of current. Thus 

, 1 true volt 10® e.m.u. of potential 

1' true ohm = r— = 1 — r ■= e.m.u. 

1 true ampere 10“^ e.m.u. of current 

of resistance. 

The reciprocal of the resistance of a conductor is termed its 
conductance. The practical unit of conductance is the ohm.'~^ 

The International Ohm.— This is 'defined as, the resistance 
of a column of mercury, at the temperature of melting ice, 
gm. in mass, of constant cross-sectional area, and 
of length 106-300 cm. 

The international ohm was intended to be a practical realiaa* 
tion of the true ohm or 10® e.m.u. of resistance. Actually it is 
slightly larger. 

■■The. Evaluation of the ' Ohm. — ^The system of ‘"practical' 
units was' devised originally by a committee of the British Associa- 
tion: the value of the true ohm was determined experimentally, 
and standard resistance coils (German-silver) were constructed 
(1863). In 1881 dhe first International Congress of Electricians 
advocated a redetermination of the ohm in absolute measure : 
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moreoTer, it was agreed to dispense with German-silver wire and 
construct standards of resistance on a plan suggested first by 
Siemens. The so-called ‘ practical ohm ’ was to be the resistance 
of a certain column of pure mercury of definite length and 1 
cross-sectional area. The original ‘ Siemen’s unit ' was a column 
of mercury one metre long and 1 mm.^ in section. This standard 
is now known to be equal to 0*9408 international ohm. 

The International Volt.— This is defined as that steady 
potential difference which, when applied across a resistance 
of one international ohm, produces a current of one inter- 
national. ampere. 

. Verification of Ohm’s Law.— The verification of Ohm’s law 
for a conductor in the form of a wire may be carried out with the 


9 ^ 


T 


|i‘ fapth 


'd s 

Fia. 45*1. — -Verification of Ohm’s Law for a Metallic Conductor, 


apparatus indicated in Fig. 45*1. The ends A and B of the wire 
are connected to the quadrants of an electrometer and a potential 
difference is established between its ends by passing a current 
through it. The current is controlled by the sliding resistance D. 
The current is indicated by the tangent galvanometer G removed to 
a distance from the main circuit so that its needle shall not be 
disturbed by stray magnetic fields. To reduce the magnetic effect 
of the current in the leads to the galvanometer on the needle they 
should be very close together— preferably a piece of flex should 
he used for these leads. The tangent of 0, the angle of deflexion, 
is proportional to the current. [Ammeters, etc,, may not be used 
in this experiment since their construction depends, at least in 
part, on an application of Ohm’s law. ] The deflexion of the electro- 
meter needle is proportional to the potential difference between 
A and B. Hence, if this deflexion divided by tan 6 is constant, 
Ohm’s law will have been verified. In observing the deflexions 
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of tlie galYaiiometer needle it is ■ best to read both ends of the 
pointer attached to it and to reverse the current through it. 

If the results are eshibited graphicaily-— voltages as abscissse and 
currents as ordinates— a straight line will be obtained. This lin© 
is termed the chatact eristic of the conductor. 

Later it will be shown, that the passage of a current through a 
wire causes the latter to be heated, and most wires, when heated, 
have a larger resistance. It is therefore desirable to place the 
conductor AE in a thermostat. 

Resistances in Series and in Parallel. — Several conductors 
are said to be joined together in series when they are so arranged 
that an electric current flows through them one after another ; the 
total resistance of such a set of conductors is equal to the sum of 

i? t ^2 

, ((X) 

u 



Fia. 45-2. — Conductors in Parallel. 


the resistances of the individual constituents. For let n conductors, 
with resistances Ri, Ha • • • arranged as in Fig. 45*2 (a). 

If I is the current through them, the potential differences across 
the conductors are IRjj respectively, and their sum 

is the potential difference applied to the combination. If R is the 
equivalent resistance this potential difference is 

IR = IRi + IRa + * . - • • ... . . (1) 


R == Rj^ -j- Ra Hr . . . R& 4- . . . R^n, 


n 



Now when the conductors are arranged as in Fig. 45-2 (5) they 
are said to be in parallel. Let I be the current entering the com- 
bination at A and leaving it at B, while I^, I 25 I 3 * • • I,^ are the 
currents in the ^-conductors. If Yl is the difference in potential 
between A and B, this will be common to aU the wires. Hence, 

= IjRj = IaR2 ~ . . . = = .■ . • == IjjRjpj. « . (3) 


1 

I 


•i 







li 



8M ■ ; miiKimsm amd . elegtricity 


But I - \ + 1^'+ . + h + • • - + In. • • • ‘ . 

[KiiTililiolf’s 

„ If K. is tlie resistance equivalent to the m-eondiictors in parallel 

V:-IR ..... . . (5) 

From these equations we have 


V" V**- 

If _ T _ T 1 T I T ^ J..,. 

— i, -| Xg I # , » J .tji -j-.^ j 1 " 

Xw 1A!2 

. 1 _ 1 1 . 1 ^ V 1 

■’• E, “ r; e; r; ■ xL e* • ■ 


. ( 6 ) 


From equation (6) it may be shown that R is less than any other 
resistance in the combination. B\)r let Rj be tlie least of these 
resistances. Then 


Rj yl\ 

R ^ Zj R,. 

= 1 + a positive quantity. 

/. B < Rjl, and is therefore less than any resistance in the combina- 
tion, for Ri is the least of all. 

Resistance Boxes. — In order to de- 
termine experimentally the resistance of 
a given wire it is generally necessary to 
have a set of known resistances with' 
which the wii'e can be compared. The 
coils of a resistance bos are constructed 
as shown in Fig. 45*3. A manganin ■ 
wire is wound noii-inductively and its 
two ends are attached by solder to brass 
blocks. When a plug Is mserted in 
a conical hole between these blocks ' 
the coil is short-circuited, Le. the 
current passes through the plug instead of through the coil, 
or at least only such an infinitely smaU current passes through 
the coil that it can be neglected. In order to make good con- 
tact between the plug and the brass blocks the plug should be 
inserted and then given a half turn — ^in addition the plug may be 
vaseiined slightly. A plug should never be rubbed with sand-paper, 
for thiS' only forms ,an irregular surface impairing the contact. 
/Electrical contacts may always be cleaned , with 'ether.. 

The Measurenaent of Resistance by the Method of Substitu- 
tion. — The unknown resistance X, Fig. 45*4, is connected in series 



^ Mangamn .. 84 Cu, 4 Ni, 12 Mu. 



with a battery, B, a key, K. a tangent galvanometer, G, and a 

variable resistance P. This is 


E if 



Fig. 464, — ^Resistance by the 
Method of Substitution. 


B 


adjusted until the galvanometer 
deflexion is about 60°. X is 
then removed and replaced by a 
variable resistance R. This is 
adjusted until the galvanometer 
deflexion is the same as before. 

Then X = R- 

It should be noted that in this 

experiment it is not necessary 

to observe the usual precautions with reference to a tangent galva,no- 
meter since the current in the circuit is the same on each occasion, 
and the actual measure of the deflexion does not enter mto t e 

calculation. Wheatstone 

Bridge, — Nearly all 
the best methods of 
measuring electrical re- 
sistances are based on 
a principle used by 
Wheatstone , The 
apparatus is repre- 
sented diagrammatic- 
ally in Mg, 45*5. Four 
resistances, P, Q, R> 
and S, are arranged as 
shown to form the four 
arms, AB, BC, AD,and 
DC respectively of the so-caUed Wheatstone bridge network. 
The poLts B and D are connected to a galvanometer, wMe 
a batC is placed between A and C. The current from^ the 
batterv ^on arriving at A, has two paths at its topos^ by 
of which it may reach C and then return to the batte^. 
The resistances are adjusted until no current flows through the 

^"STnidlfbe the currents in AB and AD respectively. Smce 
th^ is CcuSent through the galvanometer and no accumulation 
of electricity possible at B, it foflows 

atBmu8tleavealongBC,i.e.thecuixentinB0is^oI^^Sm_ J 

the current in DC is I,. Now the faU m potential from A to B. 
written is Ii P- 



Similarly, V° = Ii Q»yi 
are at the same potential 


: I, R and V! = I, S. Since B and D 


V!orI,P = I»R 


( 1 ) 
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Similarly IiQ = IjS (2) 

Hence, by dividing (!) by (2), we get 

Q S • ^ ’ 

A convenient form of Wheatstone’s apparatus is known as the 
Metre Bridge [Fig. 45*6]. A uniform manganin wire ADC is stretched 
over a metre scale graduated in cm., etc. The unknown resistance 



P is placed in the gap LM whilst the known resistance Q is inserted 
at NO. The terminals at L, M, N and 0 are joined to thick copper 
strips, the resistance of which is negligible. The point B is con- 
nected to a galvanometer G and sliding contact D ; if a tangent 
galvanometer is used then this instrument must be placed several 
feet from the bridge [cf. p. 842]. The battery is connected as 
shown. When a balance has been obtained 

P resistance of AD __ AD 
Q resistance of DO DC 

The positions of P and Q should then be interchanged and the 
experiment repeated. 

When this bridge is in use care should be taken to obtain a 
balance point as near to the middle of the bridge wire as is possible 
by selecting a suitable value of the resistance of Q. When this is 
done the effect of any error in reading the position of D is made 
smaller. 

If one is determining the resistance per unit length of a wire 
the resistances of two different lengths of wire should be determined. 
The wire should be arranged so that the same length of wire is under 
the terminal in each instance. Then by taking differences the 
errors due to * contact resistances ’ between the terminals and the 
wire are minimized. Thus if lengths 2% and have resistances 

Ti and fg, the resistance per cm. of the wire is jy- — 

The chief objections to this form of bridge are the facts that it 
is not suitable for the determination of high or low resistances, and 
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that there is an nnJmown * resistance of contact ^ at the points 
A and C. This resistance of contact is dne to the iacts that the 
wire AC is not exactly 1 metre in length, and whenever the solder 
spreads over it the cross-section is no longer uniform. In addition, 
the solder forms an alloy with the manganin, the resistivity of which 
is not equal to that of the material of the wire. 

Tlie Post-Office Box. — This is a portable form of Wheatstone 
Bridge originally designed for measuring the resistances of electric 
cables and telegraph wires. Two patterns of this bridge are 



Fia. 46*7, — Post-Office Box. 


indicated in Fig. 45*7 (a) and (5). Considering (a) first, the three 
arms AB, BC, and AD of the bridge are in the form of resistance 
coils and are equivalent to the arms P, Q, and E. of Fig. 45*5. The 
unknown resistance S is placed across CD. A battery and key are 
joined to A and C, while a galvanometer and tapping key are con- 
nected to B and D. The arms P and Q are termed ‘ ratio arms * 
and each consists of a 10 ^0, 100 D, and 1000 Q coil in series. Let us 
suppose that in a particular experiment P = 100i3,andQ = lO iQ. 
To measure the resistance of S, a coil in E is unplugged and the 
deflexion of the galvanometer observed. The resistance in E is 
then varied considerably until a deflexion in the opposite direction 
is obtained. The resistance in E necessary for the bridge to be 
balanced must then have a value intermediate between these 
extremes and by trial its value is found. Let us suppose that it is 
187 i3. Then, from the usual Wheatstone Bridge condition, we have 

whence S = 18*7' ohms. 

187 , S ’ 

When a very sensitive galvanometer is used it is advisable to 
insert a resistance of about 100 ohms in series with the battery to 
reduce the current through the galvanometer and each part of the 
circuit. When this is done the coils are not heated appreciably so 
that their resistances remain constant. 

^ : In Fig. 45*7 (d) there is shown a post-office box with tapping keys 
attached permanently to it. The studs M and N are connected % 
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wires imderneatli tlie top of the box to the points A and B respect- 
ively* One of the leads from the battery and one from the galvano- 
meter are then connected to H and. K respectively so that when the 
keys are depressed there is connection between these leads and A 
and B as in the first form. 

Very frequently it Is stated that the battery and galvanometer 
may be interchanged. Theoretically this may be done, but in practice, 
with the bridge an’anged as in the above numerical example, there 
would be a relatively large current through Q and S, and a much 
smaller one through P and R. This may cause Q and S to be heated 
considerably and thereby alter their resistances. Care must there- 
fore always be taken to see that the bridge is arranged so that only 
small and nearly equal currents flow through the various arms. 

Adjustable Resistors, — To vary the current in a circuit use 
is made of a variable resistor or rheostat. This may consist of 



Adjustable Sliding Resistor. Adjustable Resistor used as a 

Potential Divider. 

Fia. 45-8. 

a number of carbon plates held together in a suitable frame, the 
resistance being reduced by applying pressure by means of a screw. 
Another form of variable rheostat is represented in Fig. 45-8 (a). 
AB is a wire wound on a frame and C is a movable contact carried 
on a rod of triangular section. If a cell is connected to A and D the 
current flows through the portion AC of the rheostat. By moving 
the sliding contact to the left the resistance in the cfrcuit is 
dimimshed. Such a resistance may be used as a potential divider. 
For this purpose a battery is connected across AB so that a current 
flows through the whole resistance — cf. Fig* 45*8 (6). This es- 
tablishes a potential difference between B and C, and therefore 
between 'B and D, When 0 is moved to the left this potential 
difference increases. 

KIrcfahoff ’s Laws.— These are two rules which enable us to solve 
problems concerning ourrente flowing in a network of wires." They 
state: 

(a) In any mtwark af\mms the' aigebmic sum ' af '. the 
currents which meet at a poim.'is zeray 
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(b) The algebraic sum o/ the electromotive forces in any 
closed circuit or mesh is equal to the algebraic sum of the 
products of the resistances of each portion of the circuit 
and the currents flowing through them, i.e. HE = SIB. 
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Example , — The arm ABO of a circuit contains a resistance of 
10 ohms and a cell of internal resistance 1 olim and 2 volts, 

while the branch ADC contains a resistance of 20 ohms and two 
similar cells. Across AC there is placed a battery of e.m.f. 6 volts 
with an internal resistance of 0*3 ohm. Calculate the currents tlirough 
the two resistances if the o,m.fs. are directed as in Fig. 45*9. 

Let Ij and Ig be the currents in ABC and ADC, so that the current 
in CHA is (Ij -f I^) — by KirchhoS*s fii*st law applied to the point A. 
Then considering the mesh ABCD and taking an e.m,.f . to be positive 
when it acts round the mesh in a clockwise direction, we have 

lOIi +' 1 . li - 21s, - 20Ia = 2 + 4 

Le. nil - 2-212 = 2 . 

Similarly from the mesh ADCH, we have ■ 

2 OI 2 + 2L, + {Ix + 1») 0*3 ^ 4 + 6 

i.e. 22-31* + 0-3Ii == 2. 

Solving these equations Ij = 0-35 amp. and I*' = 0-085 amp. 

MaxwelFs Cyclic Currents.-— The above method of determin.- 
ing the current in any part of a circuit becomes complicated when 
the circuit has many branches. Maxwell suggested , the ‘ cyclic 
current ' device to simplify the problem. He imagined that a 
specified oyolio current flowed in each mesh, all the cyclic currents 
being in the same direction. The current in any branch is thus 
the difference between the' cyclic currents in the meshes it separates. 
The following problems indicate how the method may be applied. 

'Example,-— Two liquid resistances, P and Q, of 10' and 5 ohms re- 
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spectively,, are connected in parallel and a battery of e.in;!. i volts 
and internal resistance 4 ohms is nsed to send a current tlirougli them. 
Find, the current in the two liquids if the e.m.f. of polarization in 
P is 0’2 volt and in Q 1*5 volt. 



The circuit and a system of wire resistances and batteries, of negligible 
resistance but whose e.ni.fs. are equal to the back e.m.fs. in the 
liquid resistances, are indicated in Fig. 45*10 (a) and (5) respectively. 
Let the cyclic currents in the mesh ABCD be a; ; in ADM let it be 3/. 
Then applying Eurchhoff’s second law to the first mesh we have 

IQx 4- ~ 2 /) - 1-5 -- 0*2. 

For the second mesh, 

5(y — a;) + 4-2/ ~ 6 — 1*5. 

,% X = 0*31 amp. ; y ~ 0*67 amp. 

The current through P is equal to x ; that through Q is {y -—a;). 
These currents are 0*31 amp. and 0*36 amp. respectively. 

Elementary Theory of the Wheatstone Bridge Network of 
Conductors. — ^Let us assume that the four resistances P, Q, B 
and S, arranged as in Fig. 45*11, are ‘ balanced/ i.e. there is no 
current through the galvanometer G when the cell B of e.m.f. E 
is inserted. Let G and E be the resistances of the galvanometer 
and battery respectively, and let x, y, and z, be the cyclic currents 
in the meshes (i), (ii) and (iii). Applying Kirohhoff’s second law 
to each mesh in turn, we obtain, 

Bx + G{x — t/) + B>{x — z) = 0 . . . , . (!) 

Qy + 8 ( 2 / ~ z) + G(y — x)=^d. . . , . (ii) 

R(z — a;) + 8(z — 1 ^) -+• zB == E . .... (iii) 

li X y ~ Qf i.e. the bridge is balanced, from (i) and (ii) we obtain 
(P + R)a; - Bz = 0, 

(Q + S)a; - Sz 

^ R _ Q -I- S 

.. — g;- 
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[By solving equations (i), (ii) and (iii), {x — y) not being zero, 
we can obtain the curreiit through the galvanometer when the 
bridge is not balanced.] 



Fia. 45*11. — Elementary Theory of the Wheatstone Bridge. 


Conjugate Conductors. — If two branches of any network of 
conductors are arranged so that an electromotive force introduced 
into, or existing in, one branch causes no current to flow through 
the other, the conductors forming those branches are termed 
conjugate conductors. The ‘ battery arm ^ and * the galvano- 
meter arm ’ of a Wheatstone bridge network are conjugate con- 
ductors, provided that the resistances of the other arms satisfy 
the usual Wheatstone bridge relationship. 

Shunts. — In the construction of all sensitive galvanometers the 
wire on the movable bobbin has a 

very small diameter, a fact which 

limits its current carrying capacity. I [ij 1 

When it is desired to measure a 
large current the two terminals of 
the galvanometer are joined together 
by a short piece of thick copper 
wire. This allows most of the 
large current to pass through the Fio. 45*12.— Use of a Shunt, 
thick wire, whilst only a very small 

current passes through the instrument. In Pig. 45*12 lot Cr be 
the galvanometer and S its shunt, joined to the terminals A and 
B. Purthermore let these letters designate the resistances of 
the galvanometer and shunt. Imagine that I is the cuiTent in 
the main circuit, which branches at A into currents I| and 
through G and S respectively. Now the drop in potential between 
A and B is the same whether one goes via G or via S. In the 
first circuit 

•pra* 
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and in the second circuit 


But 

Hence 


V! = 

■h + l. 


■ 1^8. 


'':(s + g)’ 


Ix 


V“/- + 

\g^8) 


S + G 

GS S4- G 


S 


V" JL 

G" G 

This fraction measures the ratio of the current in the main circuit 

to that in the gaivanoineter. It is called the multiplying power 
of the shunt. 

A Universal Shunt. — By using shunts having resistances ■■J-, vnr* 

and that of a galvanometer, 
the sensitivity of that particular 
galvanometer may be reduced 
10, 10^ or 10^ times. Each 
galvanometer must therefore be 
provided with its own set of 
shunts, unless an Ayeton and 
Mather universal shunt is 
available. This consists of a 
high resistance S, Fig. 45*13, 
in parallel with the galvano- 
meter. Let us suppose that a 
current I enters at A and leaves 



Fig. 45d3.» 




-Principle of a Universal 
Shunt. 


at B. Then the current through the galvanometer is 

I_s_. 

■^G + S ■ 

Let us now assume that the current leaves at C, the resistance of 
AC being -th that of S. Then a resistance 8/n is in parallel with 

a resistance G + (l current through the galvanometer 

is then . , 


n 


G + (l 


S +: 


i T ^ 

'n-^ -G +S’ 


i.e.'the current through the galvanometer is ^th its previous value. 

In moving , the point of contact from B to 0, the ©quivalent resist- 
ance between the current leads decreases from 


GS 


+.A 


[«+(>->] 
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’ 80 that I will, in general, be altered. For I to remain constant, the 

j ' above equivalent resistances must be equal, i.e. 

«-;[« + (»-;>] 

or , 8 == nG. 

^ Experimental Determination of the Resistance of a Tangent Gal- 

vanometer. — (i) By a ‘ shunt ’ method. Let us assume that the resist- 
ance of the ‘ 50 turns ’ coil is to be determined. R, Fig. 45- 14, is 
a resistance coil of about 40 oliins. 8 is a variable resistance used 
to shunt the galvanometer, B is a battery. These are arranged as 
; in the diagram. It will be assinned that the resistance of G is small 


ohms 



Fig. 45‘14. — Shunt Method for Determining the Resistance of a 
Galvanometer, 

is 

compared with R so that variations in 8 do not affect the current 
from the battery. 

Let a be the mean deflexion of the galvanometer when the shunt 
is out, i.e, S == 00 . Then the current I is given by 

I = )b tan a. 

’! Wlien the shunt is S, the fraction of the current passing through the 

8 

galvanometer is la = I • = Jc tan 0, if 0 is the deflexion. 

') ^ G + S tan a 

; S tan 0 

Suppose that a series of corresponding values of 8 and 0 are 

^ 1' 1 . 

: obtained. Cali ' tan 0 = - and 8 — Then 

y 

Gy + 1 ^xtBsiicc. 

This is a straight line whose intercept on the y-axis is G may 
I therefore be found, - ' 

i (ii) The method described above fails when the resistance of the 

'i , galvanomete^r is .considerable, for the current in the main circuit does 

I not remain constant. The following method is desirable. The gah 

vanometer is .coimeoted in series with a reversing key, adjustable 
; resistance (known), R, and an accumulator. The experime,nt co.nsists 

in obtaining corresponding values of,0, the mean deflexion of the gal- 
; ' vanometer needle, and of R. . Then if G is the resistance of the 

:i galvanometer, that of the cell, 

B ■ E 

I = & tan 6 = bT+^TB "" R + G’ 



1 
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since for an accumulator B -> 0, where h is the reduction factor for 
the galvanometer and E is the e.m.f. of the battery. Phus 

B + G = ®cot0. 

If, therefore, we plot cot Q = x, 'B, = y, a straight line will be 

obtained — its intercept on the y-axis is — G. 

[Note. — The internal resistance of a Daniell or Leclanclie ceil may 
be obtained in a similar way. A tangent galvanometer with one or 
two turns must be used so that G 0. The equation is then 

R + B = 5 cot 0.] 

To Measure a Current by Means of a Voltmeter,— Lot us 

suppose that a I ohm coil has been inserted in an electric circuit 
where the current is I amp. The voltage across this coil is 
(i X I) = I volt. If, therefore, a voltmeter is placed In parallel 
with the terminals of the 1 ohm coil, the indication, in volts, of this 
instrument is equal to the current in amperes. This method fails 
if the voltmeter has a low resistance : for consider a voltmeter in 
which the resistance is 200 ohms. The equivalent resistance R of a 
1 ohm and 200 ohm coil in parallel is given by 

i = T + SKK = 1-005, i.e. R = 0-995 ohm. 

Jcv 1 iiUU 

If the current is 1 ampere in the main circuit, the voltage across the 
1 ohm coU, which is recorded by the voltmeter, is 1 x 0-995 = 0*995 
volts. Accordingly the indicated reading of the current is 0*995 
ampere — an error of 0*5 per cent. Voltmeters generally have a 
resistance of at least 1000 ohms, so that the error is negligible for all 
practical purposes. 

Moving -Coil Permanent Magnet Instruments for Measur- 
ing Steady Currents and Potential Differences. — ^The principle 
which is used to construct sensitive moving- coil galvanometers 
finds another application in industrial or laboratory instruments 
for the measurement of steady currents and potential differences. 
Essentially these instruments consist of a permanent magnet M, 
Fig. 45* 15 (a), with soft-iron pole-pieces N, S, which have c^diiiclrical 
surfaces. Between these surfaces there is mounted coaxially a 
cylindrical piece of soft iron, known as the core, C, and held in 
position by means of the brass plate B. A rectangular coil of fine 
copper wire, which must not contain even a trace of ferromagnetic 
impurity, is wound on an aluminium or copper frame, and is sus- 
pended on jewelled hearings or pivots so that it may rotate in the 
air gap between the core and pole-pieces. Such a method of 
mounting the coil permits the instrument to be carried about 
without risk of injury. The magnetic field in this, annular air- 
space round the core is radial, i.e. in the gap it is directed towards 
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strength, hut that at a constant distance from the axis of C its 
value is constant for an angular deflexion of about 45® on either 
side of the plane bisecting the pole-pieces. The current which 
operates the instrument is led into and out of the coil through 
the two phosphor-bronze hair springs shown in Mg. 45*15 (b) and (c). 


Scale 






Fig. 45*15. — The Principle of a Moving-Coil Ammeter (or Voltmeter). 

Now it has been shown [cf. p. 832 ] that the couple on the coil is 
proportional to the current flowing through it : the coil therefore, 
rotates about a vertical axis until the deflecting couple is balanced 
by the torsional couple set up in the hair springs. A light aluminium 
needle rigidly attached to the moving system indicates the amount 
of rotation of the coil. The metal frame on which the coil is wound 
serves to damp the motion of the coil so that it does not oscill.ate 
about its equilibrium position : this damping' effect, is due to the 
formation of , eddy currents in the former [cf. p. 950]. 
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; , an InstrumeBt has been constructed the eiirrent 

xequired to produce a full-scale deflexion must be measured : then 
for, whatever purpose the instrument is required this current must 
always ,pass through the coil in order to produce a full-scale defl.exioii. 
Since , the magnetic field in the air-gap is strong [500 oersted, or 
more] the. instrument is practically unaffected by stray magiicdic 
fields : moreover, the magnet is ‘ aged ’ so that its field remains 
constant for long periods. Consequently one calibration suffices. 
Further discussion mH be facilitated by the following worked 
examples 

Emtnple, — A moving-coil instrument has a resistance of 425 ohm. 
and a current of 1*43 x amp. produces a full-scale deflexion. It 
is desired to use this instrument for one of the following purposes : — 


(a) To measure a maximum current of 1 mA. 

(h) 99 99 99 99 99 5*1 aUlp. 

(C) ,j 99 99 99 99 9 9 lA UlXip. 

(d) „ „ „ „ potential difference of 100 mV. 

(C) 99 99 99 , 99 99 99 99 500 VOlt. 

Since the current through the coil is 1*43 X 10'“'* amp. whenever 
the coil is deflected to its full extent, shunts must be provided if larger 
cun’ents are to be measured. Thus in (u), let S, Fig. 45*16 (a), be 
the shunt : the current I, through it, is (1 X 10~^) — (1*43 X 10""^) 
amp. when the coil is fully deflected. Now the p.d. across the instru- 
ment is equal to the p.d. across the shimt. Tins fact provides the 
key to the problem, for we have 


1*43 X lOr^ X 425 volt. = p.d. across moving coil 
= p.d. across S 

- (10 X - 1*43 X 10-^) X S 

^ 1*43 X 425 , 

S =. ~ 70 .g olim. ' , 

0 * 0 / 

In (b) the current through the shunt is (1000 — 1*43)10“'*^ amp. 
Hence, proceeding as before, 

1*43 X 10-^ X 425 - (1000 - 1*43)10-'4S 

1*43 X 425 1*43 x 425 


S 


999*57 


1000 


0*608 ohm. 


In (c) the current tlirough the shunt 
1*43x10-^x425 


S - 


10 


may be taken as 10 amp, 
= 0*0061 ohm. 


When the instrument ie to be used to measure potential differences 
a resistance K. must bo placed in series with the moving-coil instru- 
ment, the whole being placed in parallel with the piece of apparatus 
across which it is desired to measure the potential difference. 

Thus in (d) the current through both B and the moving-coil instru- 
ment is 1-43 X lO-* amp., while the p.d. across B and G together is 
O’l volt. Hence 

0-1 = 1-43 X 10-4[425 -b B] 

10 = 

B = YTjg - 42S = 699 - 426 = 274 ohm. 



Again, in (e) 


600 == 1-43 X 10“4[426 -f R]. 

R = 3-6 X 10® ohm. == 3-5 megohm. 

• This value of the resistance is so large that a less sensitive moving- 
coil instrument would he made : the added resistance would then be 
smaller. In precision voltmeters ‘ a thousand ohms per volt to be 
measured ’ is the standard usually set for the value of the added resistor 
or * multiplier/ 
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Fig. 45-16. 


Note^ on the Adjustment of an Ammeter or a Voltmeter. — 
When the resistance of the shunt required to convert a given 
moving- coil kistrument into an ammeter has been calculated a 
piece of maiiganin, cut from a thick wire or sheet, is selected, its 
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resistance being preferably slightly below the calculated value. 
Short copper wires Rj and R 2 are hard-soldered on in the positions 
indicated in Fig. 45*17 (a) and the galvanometer G eoniieeted 
permanently in position. A current measured on a standard 
instrument is then passed between the external terminals ’Ti and T 2 
of the ammeter and, if necessary, the resistance of the shunt in- 
creased by scraping away a portion of the metal until the indications 
of the two instruments are identical at the full-scale value of the 
ammeter under construction. If the ammeter reading is in excess 
of that of the standard instrument the resistance of the shunt S 
is too high and a high resistance shunt must be placed across Tjl'g 
and its value adjusted until the discrepancy disappears. 


j— 
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Fio. 45-17. 
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When voltmeters are being adjusted the resistance of the 
multiplier, Fig. 45*17 (6), can generally be measured sufficiently 
accurately and adjusted before it is inserted in the instrument. 
If not, it could be made in excess of the required value and then 
adjusted by placing a shunt across a portion of the multiplier — 
as in Fig. 45*17 (c). It must be noted that when a voltmeter is 
being compared with a standard voltmeter, the two instruments 
are arranged in parallel. 

If it is desired to convert an ammeter into a voltmeter, the shunt 
must be removed and the appropriate resistor placed in series with 
the galvanometer portion of the instrument. In the reverse case, 
+ 1 .^ ifii Tfimnved and the necessary shunt placed in position. 




Kelvin^s Method for DetermlBing the Resistance of a Galvano- 
meter. — ^Th© galvanometer is placed in the fourth arm of a post-office 
box and a tapping key across BD, 
the position usually occupied by the 
galvanometer — cf. Fig. 46*18. Since 
under these conditions the current 
through it would be excessive, only a 
small potential difference is applied 
across CA [cf. p. 848]. P, Q, and R 
are then so arranged that the de- 
flexion of the galvanometer is of con- 
venient magnitude. The key K is 
then closed and, in general, there will 
be a change in this deflexion. R is 
changed xmtil there is no change in the 
deflexion when K is opened or closed. 

When this occxirs the points B and D 
must be at the same potential, and we 

have ^ where X is the galvano- 



Fig. 45*18. — ^Resistance of a Gal- 
vanometer. Kelvin's Method. 


Q "“X’ 

meter resistance. In carrying out this 
experiment the current tiirough the 
bridge should be reversed and the observations repeated. 

Mance’s Method for Determining the Internal Resistance of 
a Ceil. — The cell is placed in the fourth arm of a post-office box ; 
then with the galvanometer, G, and a high resistance, Z, across BD, 



Fig. 46*19.— Internal Resistance of a Cell. Mance’s Method. 



a tapping key is placed across AC — cf. Fig. 45*19. The high resistance, 
Z, is necessary to limit the current through G. The experiment 
consists in adjusting P, Q, and R so that there is no change in the 

PR 

galvanometer deflexion when K is opened or closed. Then q = :y, 

where Y is the resistance of the ceil. The proof of this statement 
may be found in a text-book of Practical Physics. 

The * End Corrections ’ of a Metre Bridge. — ^The small resist- 
ances of contact at the ends of a metre bridge wh© and errors arising 
from the .fact that the wire may not be exactly 100 cm, long may 
be determined as .follows : — Resistances of IQ and 101-0 are placed in 
the ' two gapS of the bridge ABCD — ^Fig. 45*20 (a) — ^and a balance 
point D on the wire is located in the usual way. If I and (100 — 1) 
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ar© til© lengtlis into which D divides the wire, and and a^, expressed 
■as,, cm. of bridge wire, the ‘ end corrections ’ we are endeavouring to 
find, the usual Wheatstone bridge relation gives 
1 I 

Idi "" 







1 


oi.> 


i?; /m-z 


ib) 


Pio. 45*20. — End Correotions to a Bridge Wire. 


The coils are then interchanged and a new balance point found. 
Referring to Fig, 45*20 (h) where this is indicated, w© have 


101 


L + oc, 


100 — ' E Hh ctg 
Writing these equations in the form 

101(ai + Z) = Ota -f 


and 

L_+_“i 
101 ' 

w© have, by subtraction, 

I» + ggi 
101 


101(ai -f 1 ) 


100 E “f" 


- L - L 
L -- 1011 


Similarly 


% 


. . % ^ ‘ 100 
lOlL l ^ 1003 
100 • 


A graphical method for the same purpose has been suggested by 
. FBKQUsoisr, Suppose B|_' and Rg .are the known resistances placed in 
' the ' gaps I of the bridge. " Then if and are the lengths into which 
tha bridge wire is divided when the bridge is balanced 

li -}" % 1^1 , X 

-y (say). 


^2 + ' 




This may be written 




861 


OHM’S LAW AND ITS APPLICATIONS 

R 

Til© bridge is balanced for a series of values of i.e. of y ; tbeij. 
if we call 

vh-h’^y, V = x, 

w© bav© 2/ == — ocaic + oti* 


Hence and may be derived from the intercept on the 2/-axis and 
the slope of the straight-line graph. 

Resistivity. — By means of a metre bridge or post-office box it 
may be shown that the resistance, R, of a nniform wire is directly 
proportional to its length, 2, and inversely proportional to its 
cross-sectional area, a, provided, of course, that the physical state^ 

tl 

of. the wire remains constant. Hence R = where is a constant 

for the material of the wire. It is termed its resistivity, or specific 
resistance. 


Since we may write [x] == 



~ [ohm. X length^ -f- length], 


the unit of resistivity is the ohm.cm. when the unit of length is the 
centimetre. It should be noted that % is not equal to the resistance 
of a unit cube, for this is measured in ohms, whereas the resistivity 
is measured in ohm.cm. The two quantities are numerically 
equal provided that the lines of flow of the current are parallel 
to one edge and therefore to four edges of the cube. This latter 
limitation is necessary, for if the current entered at one corner 
and left the cube at the diagonally opposite corner it is difficult 
to calculate the resistance offered by the cube to the current. 

Conductivity. — The conductivity, or specific conductance 
of a substance is the reciprocal of its resistivity. It is therefore 
expressed in ohm.~^ cm.""^ and is denoted by a. 


EXAMPLES XLY 

1. — "Calculate the p.d. across a lamp whose rosistanc© is 104 ohm. 
if the current is 1*06 ampere. 

2. — A ctirrent from a battery passes through 10 ohm. andj a tangent, 
galvanometer. The reduction factor (h), [where I ^ tan 0] for the 
galvanometer is 0*63 amp. The deflexion observed is, 47°. If the 
re.sistances of the battery and galvanometer are negligible, calculate 
the e.m.f. of the battery. 

3. — ^A battery consists of 3 cells arranged in parallel. Bach cell has 
an e.m.f. 1*08 volt,., and a resistance 3*6 o,hin. What current will 
til© battery send through a 10 ohm. resistance ? , 

4. — A' cell, whose .internal resistance is 0-52 ohm produces a current 
of 0*27 ampere in a 6-ohm., .whe. , Find the e.m.f. of the cell, and the 
difference in potential which exists between its terminals. [This p.d. 
is. equal to the p.d. across the 6 ohm. coil.], 

.' '5.— A batthry .is, connected, in. series with a tangent galvanometer 
rtf fAaiatenp.A 1ft nbrn.* and the deflexion observed is 54°. When an 


862 MAGNETISM AND ELECTRICITY 

additional resistance of 12 ohm. is placed in the circuit the deflexion 
is reduced to 42°. What is the battery resistance ! 

6.— -Calculate the resistance of the following coils when awaiiged (a) 
in: series, (h) in parallel— -2 ohm., 3 ohm., 4 ohm. What is the current 
through a ceil whose e.m.f. is 2-08 volt, when this is connected in 
turn to each arrangement ? 

the resistivity of a substance. A wire has a resistance of 
40 ohm. It is cut in halves and the two portions arranged in parallel. 
What is the resistance of the combination ? 

8. — A coil has a resistance of 20*37 ohm. What must be the value 
of the shunt resistance so that the whole may be equivalent to a 20 
ohm. coil ? 

9. — ^A galvanometer has a resistance of 1064 olim. What must be 
the shunt so that only one-tenth of the current shall pass through the 
galvanometer ? 

10. — ^ABCB is a square, each side of which has a resistance of 2 ohm. 
A 6 ohm. coil is placed across AC. Calculate the equivalent resistance 
between A and C, and also between B and D. 

11. — ^A coil having 8 turns of wire, each 1 metre in diameter, is placed 
with its plane in the magnetic meridian. Calculate the value of B ^ if a 
current of 1*6 ampere, deflects the needle through 45°. 

12. — ^Two cells are placed in series with a tangent galvanometer and 
a resistance. The deflexion is 50° when the cells assist one another, 
whilst it is only 22° when they are in opposition. Calculate the e.m.f. 
of the larger ceil if that of the smaller is 1*08 volt. 

13. — ^A and B are two points on the circumference of a circle con- 
sisting of uniform wire. They subtend an angle of 127° at the centre. 
If A and B are joined to a battery, calculate the ratio of the currents 
in the two segments of the wire. 

14. — State Ohm’s law and describe how you would verify it for a 
conductor in the form of a long thin wire. A, B, C, and D are four 
coils of wire of 2, 2, 2, and 3 ohm. resistance respectively, arranged to 
form a WTieatstone bridge network. Calculate the value of the resist- 
ance with which the coil D must be shunted in order that the bridge 
may be balanced. If the shunt is a wire 100 cm. long and 0*2 mm. 
diameter, calculate the resistivity of the material. 

15. — Establish the relation between the resistances of the arms of 
a balanced Wlieatstone’s bridge. How may the ordinary arrangements 
of a Wheatstone bridge be modified for toding the resistance of the 
electric cell used t 

16. — If the wire of a Wheatstone bridge has a resistance of 1 ohm 
and the bridge is used to compare the resistances of 2 ohm. and 3 
ohm; respectively, what current flows along the wire when the galvano- 
meter shows no deflexion if the battery used has an e.m.f. of 1*7 volt, 
and an internal resistance of 5 ohm. ? (L. ’28.) 

17. — Establish a formula for calculating the equivalent resistance of 

two conductors joined in parallel. The terminals of a battery of 
e.m.f. 10 volt, and of negligible internal resistance are connected to 
two coils each of 100 ohm. resistance, joined in series. A voltmeter 
of resistance 500 ohm. is connected in turn across (a) each of the coils, 
(6) the terminals of the battery. What is the reading of the instrament 
in each instance ? ' ^ ^ 

18. — ^Describe the construction and explain the action of a moving- 
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resistance of 1000 olim. How wotild you use it to measure voltages 
up to 150 volt. ? 

19 . — Describe some form of sensitive galvanometer. A galvano- 
meter of 100 olim. resistance gives a full-scale deflexion for a current 
of one -tenth of a milliampere. How would you arrange so that it 
could be used as a voltmeter giving a full-scale deflexion for 1 volt, ? 

20. — Explain the action of a shunt. A current from a battery of 
resistance 4 ohm, is sent through an electric heater of resistance 10 
ohm. With what resistance must the heater be shunted in order to 
decrease the amount of heat developed in it to half its former value ? 

21. — ^Explain the theory and the method of using a potentiometer 
(a) to compare the electromotive forces of two cells, (b) to calibrate an 
ammeter. 

22. — F, Q, R, S, are resistances taken in cyclic order in a W.B. net- 
work. P and Q are the ratio coils : S is the unknown resistance and 
B a 20 olim coil which needs to be shixnted with 350 ohm. to secure an 
exact balance. When P and Q are interchanged balance is restored 
by altering the shunt across R to 498 olim. Find the resistance of S 
and the ratio P : Q. (L.I.) 

23. — ^Explain how a ‘ sliiint ’ may be used to alter the sensitiveness 
of a galvanometer. A voltmeter reading from 0 to 10 volt, has a 
resistance of 1000 ohm. How would you convert it into an ammeter 
with a range from 0 to 1 ampere ? 

24. — ® In all direct cmrent galvanometers there is called into play 
a force of automatically varying moment which serves to balance the 
electromagnetic moment due to the current, and to restore the recording 
needle to the zero position when the current is switched off.’ Explain 
this statement by means of descriptions of various types of galvano- 
meter. (N.H.S.C. 29.) 

25. — A metal tube of length I has internal and external radii a and 

b respectively. If % resistivity of the material of the tube, 

show that R, the resistance of length I of the tube is given by 

R = - o‘). 

Heed the axes of the cylindrical surfaces be coaxial ? 


CHAPTER XLVI 


ELECTROMOTIVE FORCE, THE POTENTIOMETER, 
AND SOME ELECTRICAL MEASUREMENTS 

Electromotive Force and tlie Internal Resistance of a CelL— 
At the ‘beginning of Chapter XLIII it was Bhomi that the potential 
difference between a copper and a zinc electrode placed in dEnte 
sulphuric acid was caused by an electromotive force in the cell. A 
similar statement is true for all cells but we shall consider the simple 
cell as a concrete example. When the electrodes are not connected 
by a wire and steady conditions have been reached [almost instan- 
taneously] the potential difference between the electrodes is 
numerically equal to the electromotive force of the cell. The 

potential difference between 
the plates tends to make 
electricity pass from the 
copper to the zinc along a 
path not in the ceE, whereas 
the electromotive force is 
only operative inside the 
cell and acts from the zinc 
to the copper. If E is the 
electromotive force and Vq 
the potential difference be- 
tween the plates when they 
are not joined together, i.e. the ceU is on * open circuit/ then 
E = Vo-^cf. Fig. 464 (a). 

When the plates are connected by a wire of resistance R electricity 
immediately begins to flow in a direction from the copper to the zinc 
along the wire. This is caused by the potential difference across the 
wire. Inside the cell the electromotive force is still operative for 
chemical reactions are taking place in it. Opposing this 
'; there is y/ the' potential difference .between the plates. .This is 
often termed the electromotive force of the ceU on * closed circuit/ 
but this is really a misnomer, for the electromotive force of the cell 
is constant and it is only the potential difference between its plates 
which varies with the current supplied by the ceU. Since E > V^ 
electricity will be driven through the cell from zinc to^copper and 
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'V 

resistance of the cell. Outside it the current will' be I® ~ 

R 

These two cnrrerits will differ for a small fraction of a secondj i.e. ■ 
until the rate at wiiioli electricity is passing from the copper electrode 
is equal to the rate at which it is gaining electricity. Then 1 1 == I| and 

B ”^R* 

From the above we. see that we cannot measure the ©leotromotiv© 
force of a cell directly but must measure the potential difference 
between its terminals on open circuit. This may b© done by 
applying a potential difference to the cell so that it opposes the 
potential diffenmee between its plates and adjusting it so that the 
current from or to the cell is zero. The electromotive forces of two 
ceils may be compared by the following methods. 


The Oompamsoh of Electeomotive Forces 
The Sum and Difference 'Method.— In order to compare the 
e.mis. of t'wo cells they are connected in series with a tangent 
galvanometer and a resistance which is adjusted so that the de- 
flexion of the needle is in the neighbourhood of 45®. The two cells 
are then connected so that they arc in, opposition, and the resistance 
still being as before the deflexion is again noted. Let Ej and Eg be 
the e.m.fs, of the cells ; let B, G, and R be the ohmic resistances 
of the battery, galvanometer, and resistance box respectively, whilst 
6-g and dg are the deflexions of the galvanometer. If Ij and I 2 are 
the respective ciirrentB in the two circuits, then 

and I, = tan (9., 

where /*; Is tbe reduction factor of the instrument. division, and 
use of til© leiitma ^ below, we have 
in I '4* E® tan 0i 

lb Eg tanUg’ 

• Ej _ tan 0i + tan flg 

* * Eg tan fJx — tan $2 


^ Zenma : II 
then 


a ■{' € 6 -f* <1 

a ~ c d — 


Sine© a = bk and c = dk, w© imve by subsiitutioB 

a ,4. c , bk 4* I5» d" d 

a c bk dh ' b — d* 


i.©. if two ■ fractions ar© equal, on©^ .can add and subtract tb© numerator and. 
danomiriator of ©ach to fonn fraetiona. wbi-ch are still equal. This has been 
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The Potentiometer. — The aboTO method of comparing voltages 
can, only be considered as a very approximate one, mainly because 
the result depends upon the difference of two quantities which are of 
the same order of magnitude. The potentiometer is an i,nstrument 
designed for the accurate comparison of potential differences. The 
theory of the instrument can be gathered from a consideration of 
Mg. 46*2. ■ AB is a manganin wire of about 8 ohm. resistance and 
stretched over a scale graduated in cm., etc. It is connected to a 
source of constant potential C, and a key E. Eor convenience an 
accumulator is generally used at C, but it must be understood quite 
clearly that any appliance capable of yielding a constant voltage 
would do. The ceils whose voltages are to be compared must not 
be compared with 0 for reasons which will be stated later. The 
key which is used in a potentiometer experiment should never be 
one of the ‘ plug-in ’ variety, since the resistance of such a plug is 
variable. It is much better to construct two holes in a block of wax 
and fill them with mercury. The circuit wires dip, one into each 

cup of mercury, and the dis- 
tance between the cups can be 
bridged with a short piece of 
thick copper wire, the surface 
of which has been previously 
amalgamated with mercury,’*' 
One of the cells to be com- 
pared is placed at E, connected 
to a galvanometer G, to the 
manganin wire at A, and finally 
to a sliding contact at D. The cells C and E must always be so 
arranged that like electrodes are joined to A. Assuming that the 
potential drop across AB is not less than that across E, some point D 
on the wire AB will have the same potential as the negative electrode 
of the cell at E. This point is found by moving the sliding contact 
along AB until the galvanometer reading is zero. Under these condi- 
tions there is no faU in potential across G and the comiecting wires, 
for the drop in potential is equal to the product of the resistance 
and current, and although the resistance may be large the current 
is zero. It therefore follows that the potential between A and D is 
equalto that across E, It cannot be said that the potential of A is 
equal to that of the positive plate of 0, because there is a current 
in the connecting wire and hence there must be a difference of 
potential between 0 and A. 

If AB is a uniform wire the fall in potential along AD is pro- 

* THs is very easily fione by cleamug the copper with niMo add, and 
f.TiAn riliiT^orinsy it into dilute Bnlnbnrio add and mercury for a few seconds. 



Fia. 46*2. — A Simple Potentiometer. 
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portioiial to the length AI>. Call this length I Then E = kI, 
where k is a constant. When cells E^, E 2 , etc., are placed at E and 
the corresponding lengths, Ig, etc., determined, it follows that 

1 . h' 

If Eg is a standard Weston Cell, then the voltage of Ej can be 
calculated. It will be observed that there is no reference at all to 
the cell C in this equation. 

The Poteiitioiiieter in Practice.— In actual laboratory practice 
it is advisable to insert an adjustable resistance R in series with the 
potentiometer wire AB, Fig. 46*3. In addition a resistance of about 
1000 Q resista!i,ce slioiild be placed in series with the cell under 
investigation. Led; AD = 1^. where D is vsuch that the p.d., across 
AD is equal to the e.rii.f. of Ej, Then as before. When 

Ej is replaced l,)y a second cell Eg, we shall have Eg = Now 
it may happen tluit li and Ig are relatively short in comparison with 
AB. The experiinent is repeated, E being adjusted so that the 





position of D when the cell of liigher e.m.f. is in use is close to B. 
Then the ratio * h determined with greater accuracy. 

The advantage of placing the 1000 Q resistance in series with the 
cell El (or Eg) is tliat it prevents large currents from being taken 
from, the cell while the position of D is being determined. This 
is very desirable when the e.m.f. of a ceU does not recover when a 
large current has been taken from it. 

Similar features may be added to the experimental arrangements 
.wMcli follow. 

To Measure a Current Accurately. — The potentiometer is 
easUy applied when on© wishes to measure a current accurately. 
For this purpose the connections are arranged as in Fig, 46*4. The 
wire AB, the source of constant current 0, and key K are as before. 
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J’lG. 46*4. — "Use of a Poteatiometer to Measure a Current, 

where E is a cell sending a current through a resistance P and 
a standard resistance coil R when the key Kg is closed. The ter- 
minals of the standard coil R are joined to A and to 1) throiigh 
the galvanometer G. When there is no current in the galvanometer 
the voltage across R is proportional to the length AD. But the 
voltage (V) across a coil of resistance R is given by V = IP^, where 
I is the current. Hence, if AD = Z, IR == V = kI, where k is a 
constant : it is the drop in potential per unit distance along AB. 
In order to obtain the value of I it is necessary to know k. For 
this purpose a standard cell S is connected to a high resistance 
(10,000 Q at least), a galvanometer and jockey and arranged as 
shown. Wken the deflexion in the galvanometer is zero, i.e. the 
jockey is at H, say, the p.d. across AH is equal to the e.ni.f. of 
S [1*0184 volt., if S is a Weston ceU]. k is therefore known and I 
may be calculated. The resistance R should be such that IR is 
nearly one volt. ; then AD and AH are nearly equal, 

Exp&HmenU — Place a tangent galvanometer, I ohm,, coil, adjustable 
resistance, key, and battery in series. Obtain a deflexion of the 
galvanometer needle of about 45° and measui’o the potential difference 
across the 1 ohm. coil by means of a potentiometer. Standardize the 
potentiometer by using a Daniell ceU or other cell of known e.m.f. 
Assume Hq = 0*18 oersted, and calculate the ratio of the e.m.ii. of 
current to the practical unit of current. 

To Compare' Two Resistances.— Since the potential difference 
across a resistance is proportional to the product of its resistance and 
the current through it, the ratio, of two resistances will be equal to 
the ratio of the potential differences across them when they are', each 
carrying the same current. : Hence, by ' comparing tlpse; potentials 
we have a means of comparing two resistances. 
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as in Eig. 46-5 (a) and also a second circuit comprising the resistances 
and Ra, to be compared, an accumulator, adjustable resistance 
and key Ko, as in Fig. 46-4 ((>). When Kg is closed the p.ds. across 
Rj and Eg will Ikj IRi and IR.g respectively, where I is the current. 
The points A and P arc now connected electrically while Q is coh- 
neoted throngii a galvanometer, G, to a jockey which is moved 
along the potentiometer wire AB, until a point Dj is found such 



Fig. 40*5.— Coinpwrisim of Besistarices by Mea-xis of a Potentiometer. 


that there is no eiirreiit through G. Then, v/ith'the usual notation, 

The p.cl. across is found by making the connections shown by 
the dotted line, dlieii 

so that 

la Li 

Rs If ■ 

If and L, are small the resistance R mush be increased to diminisli 
the potciitiiil drop per iiiilfc length of the potentiometer wire and 
the expeiiineiii rt pcated. The method works equally well whether 
the resistances are large [10'^ ohm.] or small [10'"^^ ohm.] provided 
that a suitable galvaiioiiieter is selected' and the current adjusted 
accordiiigl}^ 

Example,— The resistance of a potentiometer- wire 100 cm. long, is 
5-12 .Q. What resistance, R, must-be placeddn series with the wire 
in order tliat tlie drop in potential down the wire shall be 1 mV. 
if an accimndaior of e.niX 2*08 Y. supplies the current 1 
The eurrent, I, tlirough R must 'be the same as that through, the 
potoritloTiicter wire. The p.d. across the wire == 1 mV. X 100 .cm. 

- Od V. 

fM V- 

W I V. 0*01953 A. ■ 

o '-12 

^ . 2 - 08 V.-- 
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This resistance is so large that the fact that we have assumed the 
initial resistance of the accumulator to be zero, is of no practical 
importance. 

The Bayleigh Potentiometer. — Two identical resistance boxes 
AB and CD, Fig. 46*6, are oormected in series. The ‘ variable arms * 
of two post-office boxes may be used. The plugs are all removed 
from AB whilst none Is removed from CD. To compare the 
e.m.fs. of two cels,. Ej and Eg, they are arranged so that either 
maj' be connected through a galvanometer 6 to the ends of AB. 
If El has thus been connected, plugs are inserted in AB and the 
corresponding plugs removed from CD until the galvanometer 
deiexion is zero. The p.d. across AB is then equal to the e.m.f. 



of El, . Let Pj be the value of resistance of the unplugged cols in 
AB. The experiment is repeated with Eg and the corresponding 
value Pg found. Since the total resistance in AB and CD has been 
kept constant, the current through them has been kept constant, so 
E P 

that : :gr Generally, the total resistance is 11,000 ohm. 

Jtg rg 

With a sensitive galvanometer changes produced by transferring 
one ohm from AB to CD may be detected by this method, so that 
e.m.fs. may be compared with an error of less than 0*01 per cent. 

Internal Resistance of a Cell. — ^At the beginning of this' 
chapter we proved that the potential difference between the plates 
of a cel depended upon its internal resistance and the current it 
was supplying. Let I be the current supplied by the cel through a 
known resistance R and let E be the electromotive force of the cel. 
Then if is the p.d. between the plates, we have 
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If E and Yq are measured by a voltmeter, B may be calcnlated 
since tbe above equation may be written 

Instead of using a method involving the direct measurement of E 
and Vjj, we may compare E and with the aid of a potentiometer. 
To do this the apparatus is arranged as in Fig. 46-7. First, the 
resistance R^ should be adjusted so that the drop in potential along 
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Fig. 46-7. — Internal Eesistance of a Cell by a Potentiometer Method. 

the potentiometer wire AC is just greater than the e.m.f. of the 
cell E, whose internal resistance, B, is required. Then by inserting 
the key Kg resistance R is placed across the cell. Let I be the 
potentiometer reading corresponding to the p.d. between the plates 

under these conditions. The current supplied is ^ so that 

the p.d. across R [which is the so-called e.m.f. of the cell on closed 
circuit] is 

E . 

r + b;^* 

This is equal to M, where h is a constant. Thus 


which may be written 


R + B ’ 
^^=R + B. 


r(T)"® + ®- 

A series of readings with different values of R should he taken, 
when the following graphical method may be used to find B. 

Calling - = », and R = y, the above equation becomes 


«/ = - B + -rix) 
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TMs resistance is so large that the fact that we have assumed the 
initial resistance of the accumulator to be zero, is of no practical 
importance. 

The Rayleigh Potentiometer. — Two identical resistance boxes 
AB and CD, Fig. 46*6, are connected in series. The Variable arms ' 
of two post-office boxes may be used. The pings are aH removed 
from AB whilst none is removed from CD. To compare the 
e.mfs. of two cells, Ej and Eg, they are arranged so that either 
may be connected tbrongh a galvanometer G to the ends of AB. 
If Ei has thus been connected, plugs are inserted in AB and the 
corresponding plugs removed from CD until the galvanometer 
deflexion is zero. The p.d. across AB is then equal to the e.m.f. 





Fia. 46*6 . — A Bayleigh Potentiometer. 


of E^. Let Pj be the value of resistance of the unplugged coils in 
AB. The experiment is repeated with Eg and the corresponding 
value Pj found. Since the total resistance in AB and CD has been 
kept constant, the current through them has been kept constant, so 
B P 

that ^ = tV* Generally, the total resistance is 11,000 ohm. 

^ Jjia rg 

With a sensitive galvanometer changes produced by transferring 
one ohm from AB to CD may be detected by this method, so that 
e.m.fs. may be compared with an error of less than 0*01 per cent. 

Internal Resistance of a Cell. — ^At the beginning of this 
chapter we proved that the potential difference between the plates 
of a cell depended upon its internal resistance and the current it 
was supplying. Let I be the current supplied by the cell through a 
known resistance R and let E be the electromotive force of tbe cell. 
Then if is the p.d. between the plates, we have 

, , .. V, ... 



Fig. 46-7. — Internal Besistanoe of a Cell by a Potentiometer Method. 


the potentiometer wire AC is just greater than the e.m.f. of the 
cell E, whose internal resistance, B, is required. Then by inserting 
the key Kj the resistance E is placed across the cell. Let I be the 
potentiometer reading corresponding to the p.d. between the plates 

under these conditions. The current supplied is ^ _p-g , so that 

the p.d. across E [which is the so-called e.m.f. of the cell on closed 
circuit] is 

This is equal to U, where h is a constant. Thus 


wMcli may be written 


= r + b. 


A series of readings with different values of R should be taken, 
when the following graphical method may be used to find B. 

■j? 

Calling Y = “’j ^“■‘1 E = y. above equation becomes 


If E and are measured by a voltmeter, B may be calculated 
since the above equation may be written 

Instead of using a method involving the direct measurement of E 
and Vg, we may compare E and with the aid of a potentiometer. 
To do this the apparatus is arranged as in Fig. 46*7. First, the 
resistance should be adjusted so that the drop in potential along 
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The experimental points should therefore lie ' on a straight line 
: whose intercept on the ^*axis is — B. 

; The Carey Foster Bridge for Comparing Nearly Equal Resist- 
ances •—Tlie difference between the resistances of two coils whose 
resistances are nearly equal may be accurately determined by a 
modified form of the Metre Bridge due to Cabey Fosteb. A uniform 
wire AB, Fig. 46-8, is stretched across a scale in cm,, etc., and the 
two resistances to be compared, R and S, are placed in the outer gaps 
of a copper bar whose extremities are joined to AB. P and Q are 
two resistances placed in the inner gaps of this bar. These should 




Fig. 46*8. — Carey Foster Bridge, 


be nearly equal, but it is not necessary to know what are their actual 
resistances. A battery, reversing key, K, and galvanometer are 
connected as indicated. If the difference in resistance between R 
and S is not large a point C on the wire AB may be found where the 
galvanometer defiexion is zero. Let AO = h, AB L, the total 
length of the wire, while Xa and Xh are the end corrections expressed 
as lengths of bridge wire. Then P and Q may be regarded as two 
arms of a Wheatstone bridge network, wliile R and S and the resist- 
ances of the circuit between them and 0 constitute the other two arms. 
"When the bridge is balanced we have 

P ^ R + pjXa + h) 

Q S -f- piXi -f- L — 

where p is the resistance per cm. of the wire. 

The coils R and S are now interchanged and a new balance point 
on the bridge wire determined. Let this be at distance Iq from A. 
Then 

P S p(Xa ~f" I 2 ) 

Q R + p(Xb -f- L ^ 2 ) 

Hence 

R -h p(Xa 4“ h) B 4* p(Xa -|- ^ 2 ) 

S d* piXb -{- L Zj) R -b p(l* 4* L — • l^y 

. R “b pjXg 4” ?x) S -I- p(Xa 4" ^ 2 ) 

R 4" S 4" p(Xa 4" 4" L) S 4” R 4" p(Xa 4" Xb 4“ B)* 

Since the denominators of these fractions are equal, 

R 4* p(^ 4* ^ 1 ) = S 4“ p(^a 4" ^ 2 ) • 

or B ^ B ^ p{l2 -' ll)* 
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TMs equation expresses the difference between R and S in terms 
of the resistance of the wire and we note that the end corrections Xa 
and Xb do not appear in it. 

To determine p, R is replaced by a 1-ohm. coil and S by a I-ohm. 
coil shunted by a 10-ohm. coil, i.e. S s 0-909 ohm. If and % 
are the bridge readings when these are used in the above manner, 
we have 

1 ~ 0*909 — p(x2, — oji) 

so that p is known. 

To obtain accurate results the coils must be connected to the 
terminals with the aid of thick copper strips, the contacts well cleaned 
and the battery connections reversed. By taking the mean of the 
readings for each arrangement errors due to parasitic e.m.fs. (thermo- 
electric, etc.) will be eliminated. 

Betermisiatioii of a Small Resistance in Terms of Standard 
Resistance Coils. — ^Let AB, BC, and CA, Fig. 46*9, be coils having 
resistances 1 ohm., 1 ohm. 

and 10^ ohm. respectively. /T\G 

HK is, for example, a copper fV t y 

rod and we desire to deter- 

mine the resistance of this ^ 

rod between the potential 

leads connected to points M ''s, 

and N on it. A and B, and X ^ 

M and N, are coimected to c\ 

mercury cups, c, d, 6,/, whilst 

a high resistance galvano- 

meter is connected to two 
other such cups, a, 6. Let 
I be the current through the 
rod when the ciccuit is con- . 

neoted to the battery S. io%hiAf 

Smce the resistance of AO 

is very large, I will also be — — 

the value of the current — i 

through CB, and the current . 

through AC and AB will be U — — I 

I X 10“^. The potential 

difference across AB is there- Fia. 46*9.-— Detemunation of a Small 
fore I X 10”% whilst that Resistance, 

across MN is I x r where r 

is its resistance. If di and 6^ are the readings of the high resistance 
galvanometer, G, when across AB and MN respectively, we have 

Ir 02 ^2 lA 4 X. 

Hence r may be found. Instead of using a galvanometer a potentio- 
meter may be used to compare the p.ds. across AB and MN. If MN 
is of the order lO""^ ohm. a millivoltmeter may be used for this purpose, 
AC being replaced by a 100-olim. coil. The current through AC and 
AB is then itra-nd part of that tlirough MN. 

■ The ¥arlation of Resistance' with Temperature,— By ' 
measuring th«s resistance of a wire at different temperatures it has 
been found that, in general, the resistance increases as the tempera- 


Fia. 46*9.- 


-Deteimunatioii of a Small 
Resistance. 
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fee is raised. For most pure metals the curve showing the variation 
of resistance with temperature measured on the gas scale is almost 
a perfect parabola, and for platinum Callendab has shown that 
the variation of resistance with temperature is very accurately 
represented by the equation 

Ra = Ro(i + oLd + 

where 6 is the temperature on a centigrade scale with air as the 
working substance, R^ being the resistance at 6® 0., and Rq that 
at 0® 0. To determine the constants a and jS it is necessary to 
measure the resistance of a coil of platinum wire at three well- 
known temperatures, e.g. those of melting ice, steam at atmospheric 
pressure, and sulphur vapour. These are 0® 0., 100® C. and 
444*60® C. respectively, if in the last two instances the barometer 
reads 76 cm. of mercury under standard conditions. This last 
temperature has been determined accurately with the aid of a 
compensated gas thermometer [cf. p. 201]. 

The above equation may be written 

Hence a and ^ may be calculated when the values of 

of this equation are known at two different temperatures : 0® C. 
is excluded because the expression becomes indeterminate : of 
course a graphical method could be used by making observations 
on Rq at several known temperatures. 

On Centigrade Resistance Scales of Temperature. — ^If R^ 
and R^oo are the resistances of any given piece of wire at the tem- 
peratures of melting ice and of steam produced under standard 
conditions a centigrade resistance scale of temperature may be 
constructed by drawing two ordinates OA and BN, Fig. 46*10, to 
represent to scale R^ and R^qo, where the distance ON is 100 
arbitrary units. To j^d the temperature <f), on this scale, corre- 
sponding to a resistance value R^, OH is constructed to represent 
R^, HK drawn parallel to ON to intersect AB in K, and KM drawn 
normal to ON to intersect this Ime m M. Then OM is ^ units long, 
so that (f> becomes known. 

For temperatures measured on this scale of temperature, the 
relationship between R^ and Rq is a linear one and may be written 

R^ == Ro(l + fc^), 

where /c is a constant, known as the coefficient of increase of resistance 
with temperature as measured on the specified scale of temperature* 
Now it so happens that for pure metals k is very nearly equal to a in 
the expression R^ = R(j(l -f a0 + which means of course that 


/Ra — Ro\l 

V Ro > 
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p is a small quantity : it is also found that /c == a N 2 T¥ C. 

For alloys, k and a, while still remaining nearly equal for any given 
alloy, vary considerably from one alloy to another and in the case 
of oonstantan and manganin tend to zero. It is for this reason 
that laboratory and standard resistance coils are constructed from 
these alloys. 

To determine k for iron, or nickel, a length of wire is wrapped on 
a wooden or mica frame and placed in a test-tube. TMck copper 
leads enable the coil to be connected to a P.O. bos. The whole 


01 M r M 

i-« wo units H 

Fig. 46*10. — A Centigrade Resistance Scale of Temperature. 

is placed in turn in melting ice and in steam and the resistance 
determined in each instance. The steam temperature is deduced 
from the barometric height and k calculated from the equation 

Ro 


where is the steam temperature, calculated from the barometric 
height. No thermometer is used in this experiment, but a calibrated 
thermometer would be necessary if we wished to make a series of 
observations of at different temperatures 0 and show that R^ 
was very nearly a linear function of Ro and 0.] 

Platlmjiii Resistance Thermometers .—The variation of 
resistance with temperature as a means of measuring temperature 
was first used by Siemens. His thermometer consisted of a 
platinum wire wound on a clay cylinder and mounted in an iron 
tube. The resistance of this thermometer in ice was not constant 
after it had been used at high temperatures, for the clay attacked 
the wire and gases passed through the iron causing the wire to become 
brittle. The physicists of his day therefore regarded the method as 
unpromising^and it was not until about 1887, when Callbhdae 
wound the wire on a mica frame without straining the wire, and 
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BioTinted tli 0 whole in a glass tube that this method ol ther- 
mometry was developed. To-day it is on© of the most reMabl© 
means of .measuring' temperatures from — 40° 0. to 1,200° C. 

A typical platinum resistance thermometer is indicated in 
Fig. 48*11 (a). The fin© platinum wire is wound on a mica frame. 
This wire is joined by intermediate short lengths of thicker platinum 
wire to thick copper, silver or platinum leads. To compensate for 
the fact that the leads are at temperatures difierent from that of the 



Fiq. 46*11. — Platinum Thermometry (Pyrometry). 


platinum spiral a pair of compensating leads is used. These are 
identical with the other leads and are joined to a short length of the 
same fine platinum wire through intermediate pieces of thicker 
platinum wire. The leads are held in position by an ebonite cap and 
mica washers and crosses ; these also serve to insulate the leads 
from one another. The difference in resistance between each pair 
of leads and the wires connecting them depends only on the tempera- 
ture of the platinum spiral ; hence there is no troublesome and 
uncertain correction for stem exposure when such a thermometer 
is used. The above difference m resistance is measured on a 
Callendae-Gbiffiths bridge, the connections for which are shown 
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in Fig. 46*11 (5). Two lO-ohni coils are placed in the arms AB, BC. 
HK iS' a platinum wire corresponding to that in the Carey Foster 
bridge. The thermometer R is placed between A and H, while its 
compensating leads and a series of coils S of known resistance 
constitutes the fourth arm of the bridge. A 50-ohm resistance coil 
is placed in series with the battery to prevent a large current from 
being sent through the thermometer. When the bridge is balanced 
let us assume that B is a; cm. from the centre 0 of the wire. Let 
p be the resistance per unit length of the wire. Then if 21 is the 
length of the bridge wire 

R p(l *4" a?) == S -f- p(/ ' — x) 
since the ratio arms are equal. Hence R == S — 2pi«. 

The factor 2 in the above equation is troublesome when the 
bridge is used continually, so Callendar selected a bridge wire having 
a resistance 0*005 ohm. cm.""'. Then R = S — 0*01 . x. 

The Platinum Resistance Scale of Temperature. — The 
centigrade resistance scale of temperature for platinum is very 
important, for it was used by Callendar to determine temperatures 
on the gas scale very accurately. Of course any metal may be used 
to define a centigrade resistance scale of temperature, but it is only 
for platinum that the relation between R^ and 0 is accurately 
parabolic and that a and in Eg = Rq( 1 a0 + do remain 
constant. 

Since R^ = Ro(l + K<h)^ if Rq and Rinn are known, 


where is the temperature of the wire on the platinum resistance 
scale of temperature. R^qq — R^ is termed the fundamental 
interval of the thermometer and corresponds to 100° 0. 

To determine the temperature, 0, on the nitrogen centigrade gas 
scale corresponding to ^ the constants oc and p in the equation 
Rq == Rq (1 + a0 + j50^) — ^this being the accurate relation between 
Eg, Rq and 0 — ^are first determined as already explained. 

Then 


Hence 
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where d ia termed the difference coefficient. Since is negative, 
d is positive. It is equal to 1-50 X 10“* for most samples of 
platinum. 

Example . — Ro= 12'784 ohm., Rim= 17‘765 ohm., and Ra =26-668 
ohm. Hence 

, 25-668 - 12-784 , 1288-4 „ 

^ " 17-766 - 12-784 ^ " 4-981 “ • 

In using the diSerence formula we assume 0 = and obtain 
0 - ^ = 1-5 X 10“* X 258-7 X 158-7 = 6-2° 

0 « 264-9°. 

We now use this value in the diSerence equation and get 
0 - ^ = 1-5 X 10^ X 264-9 X 164-9 = 6-5° 

/. 0 265-2° C. 

This process could be continued, but, in practice, it is seldom neces- 
sary to proceed beyond this stage. 

The Compaeisoh of Capaoitanoes 

Capacitance. — ^The practical unit of capacitance is the farad, 
and a condenser has a capacitance of one farad if a charge of one 
coulomb raises its potential by one volt. 

For most purposes a farad is too large a unit ; we therefore use 
the microfarad as a convenient unit of capacitance. It is denoted 
by the symbol ^F and is equal to 1 X lO'*® farad, 

A stiU smaller unit is the micro-microfarad (/«^F) ; this is 1 X 10"^^ 
farad. Campbell has recently suggested that l/ipiF should be called 
a picofarad (1 pF). [It is approximately equal to the capacitance 
of a sphere whose radius is 1 cm., i.e. 1 pF == 1 e.s.u. of capacitance.] 

Note on Electrical Units. — Let it be required to find: 

(i) the amount of electricity in e.s.u. equivalent to 1 coulomb. 

(ii) the capacitance in e.s.u. equivalent to 1 farad. 

Each of these relations (and many others) can be obtained readily 
by considering expressions for energy ; if the quantities concerned 
are expressed in (c.g.s.) electrostatic units, the energy will be 
measured in ergs ; if expressed in practical units, the energy will 
be given in joules. Now 1 joule = 10'^ erg., and we have to remem- 
ber that 300 volt. = 1 e.s.u. of potential difference. 

(i) The energy of a charged condenser is ^qv. If the charge is 
1 coulomb and the potential difference 1 volt, the energy stored 
is I X 1 X 1 = 0*6 joule == 0-5 X erg. 

Let 1 coulomb = a e.s.u. of charge. Then the energy of the 
above condenser is (J.a X 3 ^) Hence 

“ 10’ or a = 3 X 10^ 


I.e. 


300 

1 coulomb = 3 X 10^ (c.g.s.) e.s.u. of charge. 
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From tMs it follows that 

1 e.m.u. of quantity = 3 X 10^® e.s.u. of charge. 

[Note,“- 3 X 10^® om.sec.""^ is the velocity of light in a vacuum 
and the last relation we have ohtamed is a consequence of the 
electromagnetic theory of light.] 

^ r ^ ^ coulomb _ 3 X 10^ e.s.u. of charge 

( 11 ) 1 iarad -- i ^It (th) e.s.u. of potentiS 

= 9 X 10^^ e.s.u. of capacitance. 

The above result may be obtained directly from energy con- 
siderations as follows. The energy of a charged condenser is 
|0V^. If C == 1 farad, and V = 1 volt, the energy is 0*5 joule. 



(CO) (h) 

Fia, 46 * 12 . Fig. 46 * 13 . 

Comparison of Capacities. 


Let 1 farad = e.s.u. of capacitance. Then the energy of the 
above condenser is X ( 3 ^)® erg. 

.•.;8x(^ 7)’* = 10’, or;8 = 9xl0“ 
i.e. 1 farad = 9 X 10^^ e.s.u. of capacitance = 9 X 10^^ cm. 

In'S =9 X 10® e.s.u. 

IjMjoF = 0-9 e.s.u. 

The Comparison of Condensers.— (a) The circuit necessary 
for this is indicated in Fig. 46-12. To commence the experiment all 
the keys are open. To charge Cj the key K. is closed, i.e. the 
condenser Cj is short circuited, and then Kj is closed. By opening 
Kj and closing K, the condenser is discharged through the galvano- 
meter. Let ff, be its throw. If Qi is the quantity of electricity 
which has passed, and E the e.m.f. of the battery, Qj = CjE. 
Kj is then closed and the experiment repeated with 0,. Then 

Q, = C,E. But| = ^\Bot^^^ 

(6) Comparison of tlie Capacitances of Condensers by de 
Santy’s Metbod,—The two condensers to be compared, Ci and Og, 
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and two adjustable resistances, Rj and Rg, are arranged to form the 
four arms of a network similar to the Wheatstone bridge arrangement 
of resistances— oL Fig, 46-13 (a), A high-resistance galvanometer is 
connected across the points AD ; B is a battery of about 10^ volts. 
This is connected to the bridge and mercury cups a, c, as indicated. 
"IVhen a connecting wire across ab is removed and placed across be 
the condensers are charged, the potential difference across each con- 
denser being equal to V, the e.m.f. of the battery. The resistances 
Rj, and Rg, which should be large, are adjusted imtil there is no kick 
of the galvanometer when the condensers are charged or discharged. 
When tliis condition is satisfied, 

Proo/.— Let and Qg be the charges on the (positive) plates of 

the condensers and Cg respectively. Then 
Qi = OiV and 

To obtain the fraction of the charge on C, passing through G on dis- 
charge, let Ii be the instantaneous value of the current in the wire con- 
necting A to the positive plate of Cj. To reach B this may travel either 
via Rjl, or via G and Rj. It wdll divide itself so that the instantaneous 
potential difference across Rj is equal to the sum of the instantaneous 
potential differences across G and Rg. The instantaneous current 


through G is therefore . 




. where G is the resistance of 


the galvanometer. If this current lasts for time di, the quantity of 
R 

electricity passing is . I, . St. If t is the time required 

i- Rg *r 

for the discharge, the total charge from Oj passing through G is 
Ri C 1 

— ‘ Itd^ ^ 


Ri + Ra + G • 1 

J Q 


Ri +Ra + G;^^ 

Ri 


.CiV. 


Rj -j- Rj -f- G 

Similarly, the fraction of the charge on C2 which passes through G 
on discharge is 

_5l_ n V « 

Since these charges pass in opposite directions through the galvano- 
meter, and the total quantity passing is zero when the bridge is 
balanced, we have 

BiOi-RA- 

Hence 

Instead of using a battery and a tapping key, alternating current 
may be employed. A crystal, such as those used in some wireless 
receiving sets, must then be placed in series with the galvanometer, 
or the galvanometer may be replaced by a pair of phones. It is very 
essential m these experiments that the resistance coils should be non- 
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induotive [cf. p. 962]. [The method of indicating that a crystal 
is in series with the galvanometer is shown in Fig. 46*13 (&).] 

The Comparison of e.mis.— To use a ballistic galvanometer 
for this purpose a condenser is charged from one cell and then dis- 
charged. The same condenser is connected in turn to the other 
cells and the thiows of the galvanometer are observed. Since 
Q = CV = Kor, where a is the throw, and k a constant, it follows 
that the e.m.fs. are directly proportional to the throws. 

The Internal Resistance of a Voltaic Ceil — Lodge’s Method. 
— The cell is first connected to a condenser and the throw, Oj, 
of a galvanometer observed when the condenser is discharged 
through it. A known resistance is then placed across the cell so 
that it is supplying a current. If the condenser is connected to 
the cell and the throw, due to its discharge observed, it will 
be found to be smaller than the first throw. This is because the 
condenser has only acquired a p.d, equal to the e.m.f. of the cell 
on closed circuit under the above conditions. We have already 
seen 

B 

Since E and Vc are proportional to a i and (?2 respectively, we have 

^1 — CTa 

B 

Hence B may be determined. 

The Grouping of Cells. — Let us consider three different 
methods of arranging N cells, each of e.m.f. E and internal resistance 
r to send a current through a resistance R. 

(i) The Cells in Series > In this instance the total e.m.f. in 
the circuit is NE : the current is 

■ y . ■ NE ' 

V -^“Nf + R‘ ■ ■■ 

(ii) The Cells in ParalleL The e.m.f. of the battery is identical 
with that of one cell, since the e.m.f. of a cell is independent of 
the size of the plates. The internal resistance, B, of the battery 
is the resistance equivalent to N resistors, each of resistance r, in 
parallel, viz. 

~ -I ^ ^ to N terms = — 


TV rows of cells 
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(iii) The Celts in Series-^FaraUeL Suppose that the N cells 
■' . 'N 

are arranged in n rows so that each row contains — cells, cf. Fig, 

N 

46-14 (a). The internal resistance of the cells in each row is — .r. 

Since the rows are in parallel the internal resistance, B, of the 
battery is given by 
1 


_ ^ I n 1 


B 


Nr 

M 2 


, ton terms = 

N r 


iV cells aito^ethen 



(cv) 


OP had 


(h) 


Fig. 46- M, 


N NE 

The e.m.f. of the battery is equal to that of — cells, viz. — . 

n n 


.M = 


-m 

n 


NE 


Nr 


Nr 


-j- nR 
n 

Now the current is a maximum when the denominator in the 

above fraction is a minimum. If Z = — + nR, we have ? = 0, 

n ‘ dn ’ 

for a maximum or a minimum. Now 


dn 
or n ■ 


Nr 


+ R == 0, 


/m 

V 


dZ 


since ^ = 0 for a maximum or a minimum. 



EXAMPLES XLYI 

1. — You are supplied with an ammeter and voltmeter. How would 
you proceed to measure the resistance of an electric lamp ? A potential 
difference of 31 volts is sufficient to cause a current of 0*127 ampere to 
pass through it. When the potential is raised to 109 volts, the current 
is 0*225 amp. Compare the resistance of the lamp when the p.d. 
across it is 109 volts with its resistance in the first instance. 

2. — A potentiometer wire is 100 cm. long. A constant p.d. is main- 
tained across it. Two cells, A and B, are connected in series first to 
support one another and then in opposition. The balance points are 
60*2 cm. and 12*3 cm. from the same end of the wire when the two 
arrangements are compared. Calculate the ratio of the e.m.fs. of the 
cells. 

3. — 'The potential difierenco across a 2 ohm. coil is measured by means 
of a potentiometer. The balance point is at 57*8 cm. When a Daniell 
cell is used the balance point is at 30*7 cm. What is the current in 
the 2 ohm. coil? [e.m.f. of cell = I'OS volt.]^ 

4. — How is the electrical resistance of a circuit defined ? How 
would you measure the resistance of {a) an accumulator cell, (b) a 
galvanometer ? 

5 . — Describe and explain how you would test the resistance of a 
0*1 ohm. shunt (a) using a standard 0*1 ohm, coil, (6) when the smallest 
available standard coil is 1 ohm. 

6. — Lengths of wire having resistances 1 ohm., 1 ohm., and 100 ohms, 
form the sides AB, BC, and CA of a triangle ABC. On© end of a thick 
copper wire X is connected to B and its other end to a variable resistance 
and one pole of a battery. The second polo of this is connected to 0. 
When a high-resistance galvanometer is connected in turn across AB 
and across X deflexions of 33*5 and 32*0 divisions are obtained. If the 
length of the "^ire is 111*5 cm. and its diameter is 1*64 mm., calculate 
the resistivity of copper. 

L?. ■ . 11 . 


Physical considerations, or the fact that ^ is negative whe 


n = show that the current is a maximum when n = 

Example,— Twelve cells each of e.m.f. 2 volts and of internal resist- 
ance 0*5 olim are available. Determine, graphically, the largest 
cuiTent which may be sent through a resistor of 0*375 ohm resistance. 

The possible values for n, the number of cells in a row, are 
1, 2, 3, 4, 6, 12. Til© general expression for the current is 
^ 24 Mn 


+ ^(f) 


2 > SO that the currents corresponding 


to the above possible values for n are 3*77, 6*40, 7*84, 8*00, 7*39, 4*8 
amperes. The graph, shovm in Fig. 46*14 (6), where the above points 
are indicated by Q suggests that I is a maximum when n — 4:, To 
get the correct shape of the graph we can put n = 3*5, 4*6, 5, 8, 10, 
etc. [shown 0], for although such numbers are impossible physically, 
they may be used to plot the graph. 

The maximum current is 8 amp. 
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’^.—Explain how, with the aid of a tangent galvanometer, a standard 
1 ohm. coil, a potientiometer, adjustable resistances, cells, and other 
apparatus usually found in a laboratoiy, you would determine the 
relation between the electromagnetic unit of current and the ampere. 
[Ko ammeter or voltmeter is allowed.] 

8. — ^Describe the essential features, and the principle of the action 
of a quadrant electrometer. 

Explain how you would use this instrument to compare the resist- 
ances of two metal wires. "V^at conditions limit the magnitude of the 
resistances which can be compared in this way ? 

gt — ^Write a short essay on the measurement of temperature above 
the range of the mercury thermometer. (L. ’31.) 

10. — Two condensers of capacitances 0*1 and 0*02 piF, are con- 
nected in series across a battery of e.m.f. 24 V. They are then insulated 
and connected in parallel. What is the loss of energy in ergs 1 

11 . — ^Describe a Post Office box and explain how you would use it to 
measure the coefficient of increase of resistance with temperature for 
nickel. 

In a metre-bridge arrangement for the comparison of resistances, 
the two coils are made of copper and each has a resistance of 1 ohm. 
at 0° C. If one coil is maintained at 0° C. and the other at 50° C., 
what resistance must be put as a shunt across the hotter coil in order 
that the balance of the bridge may not be disturbed ? Calculate, 
also, the displacement of the slide contact necessary to rebalance the 
bridge without using the shunt. The temperature coefficient of 
resistance for copper may be taken as 0-004 deg.”"^ C. 

12. — A condenser of capacitance 0-5 is charged to a p.d. of 10 volt, 
and then discharged through a galvanometer. This process is repeated 
100 times a second and in such a way that only the discharge current 
passes through the galvanometer. Draw a circuit diagram of the way 
in which this may be accomplished, and calculate the deflexion of 
the galvanometer whose resistance is 16 ohm. and current sensitivity 
0-1 division per micro-ampere. 

If, instead of the above arrangement, the same galvanometer were 
placed in series with the 10 volt, battery and a resistance R ohm., so 
tliat the same deflexion as before was obtained, calculate the value 
of R. Why may the resistance of the galvanometer be neglected in 
each part of the above experiment ? 

[1 /iP. — 10 farad.] 


*This question should only be attempted after reading the chapters on 
thermoelectricity, etc. 
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Electronic ' and Electrolytic Coadiictors.. — Conductors of 
electricity may be divided into two classes — metallic or electronic 
conductors such as copper, brass, graphite, and certain oxides, and 
electrolytic conductors or electrolytes such as aqueous solutions 
of inorganic acids and salts, and fused salts. In both instances 
the passage of electricity is accompanied by magnetic and heating 
effects, but there is an essential difference between them also. 
This difference is to be found in the fact that when electricity is 
passed through an electrolyte it is always associated with a trans- 
ference of matter. This transportation only occurs in the electro- 
lyte, for when the current leaves it the matter can no longer 
accompany it and must therefore be liberated in the electrol3die. 
In metallic conduction we do not observe any chemical change in 
the conductor as the result of the passage of electricity through it 
— ^the current is not associated with any motion of the substance 
of the conductor. The current in this instance is carried by 
electrons — ^negatively charged particles of very minute mass. 

Electrolysis. — ^If an electric lamp and two copper plates dipping 
into distilled water are connected to the mains the lamp does not 
glow. But, if one or two drops of concentrated sulphuric acid are 
added to the water, the lamp immediately glows. In addition, gases 
will be observed to be liberated at the copper plates. If the experi- 
ment is repeated using a strong solution of copper sulphate instead 
of the acid it will be found that gas is liberated at one plate whereas 
copper is deposited at the other. 

Electro -positive and Electro-negative Elements. — When- 
ever a compound, consisting of two chemical elements, is resolved 
by the passage of an electric current, the elements are liberated 
at the electrodes : whether these elements actually appear at the 
metal plates or not is determined by their chemical affinity for the 
solute or for the electrodes. The elements liberated at the negative 
electrode or cathode are said to be electro-positive ; those set 
free at the positive electrode or anode constitute the electro^ 
negative elements. The former class comprises all the metals 
and hydrogen f the non-metallic elements are generally electro- 
negative. Chemically there is a stronger tendency for electro- 
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positive elements to combine with electro-negative elements than 
there is for either class to form compounds among themselves. 

The Electrolysis of Dilute Sulphuric 
Acid [Acidulated water]. — For this experi- 
ment the apparatus shown in Fig. 47T is re- 
quired. It consists of three glass tubes joined 
together at their lower extremities ; two of these 
tubes are furnished with stop-cooks, whilst 
the central one is widened at its upper end. 
The two rectangular electrodes are made of 
platinum and are connected to a suitable 
battery. The two outer limbs are completely 
filled with the acid, whilst the third limb and 
its reservoir* serve to hold the liquid which 
is displaced from the other limbs when the 
current flows through the electrolyte. This 
displacement is caused by the gases which are 
liberated at the electrodes. Graduations on 
each limb enable the volume of gas to be 
ascertained and, in this experiment, independ- 
ently of the magnitude of the current or the 
time for which it has passed, it will be found 
that the ratio of the volumes of the gases in 
the two limbs is 2 : 1. The application of a 
lighted match, and the subsequent blue 
flame, indicates that the larger volume of 
gas is hydrogen ; the other gas is oxygen 
[test with a glowing piece of wood]. 

If an aqueous solution of bar 3 rta, Ba(OH) 2 , is employed the 
products of the electrolysis are 
still hydrogen and oxygen, the 
ratio of their volumes being as 
before. This particular solution is 
mentioned because the products 
of the electrolysis are exception- 
ally pure, so that pure samples of 
hydrogen and oxygen are easily 
obtained if pure barium hydroxide 
and distilled water are used in the 
voltameter. 

So far we have only obtained 

information concerning the products of electrolysis. For the pur- 
pose of ascertaining any changes which may have occurred in 
the electrolyte itself the apparatus shown in Fig. 47*2 may be 
used. After the current has passed for some time samples of 



Fig. 47* 1.— Electro- 
lysis of Acidulated 
Water. 
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the electrolyte from regions near tlie anode and cathode are 
withdrawn and the amount of acid in them estimated by chemical 
methods. It will be found that the concentration has increased 
in the neighbourhood of the anode [where oxygen is' evolved during 
the electrolysis] and decreased round the cathode. If, however, 
the experiment is repeated and the total amount of acid in the 
electrolyte determined it will be found to be constant. The above 
effects (which are t 3 ?p)ical of all electrolytes) may be summarized 
thus : — 

(а) Water has been decomposed into its elements which appear 
separated from one another. 

(б) Although the total amount of acid has remained constant, 
local changes in concentration have occurred. 

The Electrolysis of Copper Sulphate Solution. — [a) Soluble 
Electrodes, If two copper plates are immersed in an aqueous 
solution of copper sulphate and connected to a battery, copper will 
be deposited on the cathode. At the same time the copper anode 
gradually dissolves, forming copper sulphate which replenishes the 
solution so that the total amount of copper sulphate in solution 
is constant. 

(6) Insoluble Electrodes. If, in the above experiment, tbe 
copper electrodes are replaced by some of platinum, copper wili still 
be deposited at the cathode but bubbles of oxygen will be evolved at 
the anode and the copper sulphate in solution gradually diminishes. 
In its place there will appear sulphuric acid. If the experiment is 
continued until all the copper sulphate has been removed electrolysis 
will not cease, for the electrolyte will now be acidulated water and 
the products hydrogen and oxygen. [This continuation of the 
electrolysis wHi only proceed i£ the p.d. across the electrolyte is 
greater than 1*67 volts — solely to overcome the polarization or 
back e.m.f. in the electrolytic cell.] 

Faraday’s Laws of Electrolysis. — Let us suppose that three 
vessels, A, B and G, Fig. 47*3, contain copper sulphate solution. 
In each one a sheet of copper forms the cathode, whilst the anode 
is of platinum and dips underneath an inverted test-tube which is 
filled with water. A and B are connected together in parallel, this 
combination then being placed in series with C, a battery, and an 
ammeter. The current is allowed to flow, and it will be observed 
that the total quantity of oxygen collected in the test-tubes in 
A and B is equal to the amount in C. Similarly, the total mass of 
copper deposited on the cathodes in A and B is equal to the mass 
deposited on the third cathode. Furthermore, if the experiment 
is continued for different lengths of time, it will always be found 
that the quantity of copper or oxygen liberated is directly pro- 
portional to the time. These and similar results are summarized 
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Faraday’s first law of electrolysis wHch states ; The »««« o/ 
anv individual product liberated in electrolysis ts directly^ 
proportional to the quantity of electricitty which has passed 
through the electrolyte. 




Ammeter 


Fto. 47-3. 


If aqueous solutions of copper sulphate, silver nitrate, and 
sulphuric acid are connected in series and the same current is passed 
through each cell, experiment shows that the mass of copper 
deposited is to the mass of silver as 31-8:108 i.e. for every 
31-8 gm. of copper deposited there are 108 gm. of silver set free. 
Under the same circumstances 1-008 gm. of hyitoogen w^ have 
been collected. Now these numbers are the chemical equivalents 
of the respective elements, so that these and similar results may 
be summarized thus : The masses of the different products 
liberated in electrolysis by the passage of equal quantities 
of electricity are proportional to their chemical equivalents, 
where the chemical equivalent of an element is defined as 
the mass of that element which will combine with, or dis- 
place, 8 gm. of oxygen in a chemical reaction. This is a state- 
ment of Faraday’s second law of electrolysis. 

Electrochemical Equivalents. — Since when a steady current 
of I amperes flows for t seconds, the quantity of electricity passing 
It, we may express the first law of electrolysis by the equation 

m = zit, 

where m is the mass of substance liberated at an electrode and 
z is a constant. If m is expressed in grams, and the substance 
liberated is an element, z is known as the electrochemical 
equivalent of that element. Thus the statement that the electro- 
chemical equivalent of silver is 0-001118 gm.eoulomb.-^ signifies 
that this mass of silver is deposited by one coulomb, Le. by a steady 
current of 1 ampere flowing for 1 second. A similar meaning is 
given to the statement that the electrochemical' equivalent of 
copper is 0-000329 gm.coulomb.~’-, and such facts have been 
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establislied so wel that they provide a ready and accurate means 
of determining the corrections which may have to be applied to 
the readings of a given ammeter or voltmeter. The latter instrn- 
ment must be shunted across a suitable coil of known resistance 
[of. p. 854]. 

The quantity of electricity necessary to liberate one gram- 
equivalent of a substance by electrolysis is termed a faraday. 
Accurate experiments have shown that 

1 faraday = 96,490 coulombs = 26*8 ampere-hours. 

Voltameters. — To determine the electrochemical equivalent of 
a substance or, when this is known, to measure a quantity of 
electricity, voltameters are used. A silver voltameter due to 
Richaeds is indicated in Fig. 47*4. 

The cathode is a platinum crucible 
containing a freshly prepared 10 
per cent, AgNOg solution. The 
anode consists of a pure silver 
rod wrapped in filter paper and 
immersed in AgNO^ solution. The 
anode and cathode compartments 
are separated by a porous pot to 
diminish certain small disturbing 
factors. Richards found this to 
be necessary in accurate work. 

For students’ use and when 
results of the greatest accuracy are 
not required a copper voltameter 
or coulometer is employed. Three ‘ 
sheets of copper are placed in the 
electrolyte, the two outer ones 
constituting the anode while the 
irmer one is the cathode. If Fig. 474. — Silver Voltameter, 
ordinary sheet copper is used the 

electrodes should be enclosed in paper bags to prevent impuri- 
ties from straying into the electrolyte. The electrolyte may be 
stirred by passing a stream of hydrogen through it. This 
latter precaution is only necessary when the voltameter is in use 
for considerable periods. 

Electricity Meters. — Large quantities of electricity may be 
measured by a meter due to Weight — ^cf. Fig. 47*5. Only a small 
known fraction of the current passes through the meter. The anode 
is mercury contained at a constant level in A by means of a reservoir B. 
The mercury in A is in the form of a ring, A piece of iridium foil C 
forms the cathbde. The electrolyte is a solution of mercuric iodide 
in aqueous potassium iodide. At the cathode the product of electro- 
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is mercury, and since tliis does not amalgamate with 
lysis IS mercu y^^ mercury fell tlrrough the funnel into the 

f U-tube D. This tube is graduated so that the 
volume of mercury may be read off. _ This votoe is 
a measure of the quantity of electricity which has 
passed in the main circiut. When D is feU ^le 
mercury siphons over and is collected at B *. anotJaer 
scale gives the volume of mercury collecting there. 
r* The amount of mercury in solution remains constant, 

^ for the anodic mercury dissolves. When the 

ment is inverted the mercury hows from E to B and 
the instrument is again ready for use. B is a fence 
1 11 of glass to prevent mercury passing from the anode 

to E should it receive an accidental mechanical 
shock. 

Ohm’s Law for Electrolytic Conduction.— 
To obtain the characteristic of an electrolyte the 
apparatus shown in Fig. 47-6 may be used. The 
1 1 electrolyte [acidulated water] is contained in a 

indicated, the connecting tube 
1 1 having a diameter of 1 cm. and the electrodes 

1 1 being platinum coated with platinum black. The 

current through the cell is changed by alteiing 
I the sliding resistance, A, which is used as a 

potential divider, the current being measured by a 

high-resistance millivoltmeter, MV, shunted across 

a 10-ohm coil. The potential difference across the 
I electrolytic cell is measured on a potentiometer. 

gince the resistance of the wire in this is small 
Fig. 47-5. — compared with that of the cell, it is necessary to 
Wright’s Elec- q, high resistance galvanometer, G, or else place 
tricity Meter, ohms in series with it, for otherwise the cur- 

rent in the main circuit is considerably disturbed while the point 
of balance on the potentiometer is being found. Corresponding 
readings of the current through the cell and the p.d. across it are 
observed. The curve shown in Fig. 47 '7 represents the results 
thus obtained. 

This characteristic is a straight line, but it does not pass through 
the origin of co-ordinates. This is because the back e.m.f., t?, 
in the cell must be overcome before any current will pass 
through it. If V is the applied p.d. as measured by the potentio- 
meter, then the above graph shows ^ to be constant. This 

does not mean that Ohm’s law is not true, for the expression merely 
takes this particular form since the potentiometer measures the 
p.d, necessary to overcome the back e.m.f. together with that 
necessary to send the current through the cell. The resistance of 
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the liquid column is 




We can only speak of Ohm*s law in 


reference to eleotroljdies, i.e. there will only be a linear relationship 
between the available potential difference (V — t?) and the current 



Fig. 47*6. — Verification of Ohm’s Law for an Electrolyte (Acidulated Water). 


Ij if the current passed through the electrolyte is so smal and 
exists only for such a short time that the concentration of the 
electrolyte is not altered, for otherwise we should violate one essen- 



Fig. 47*7.“--Characteristic Curve for an Electrolyte (Acidulated Water). 

tial condition of Ohm’s law, viz., the state of the conductor must 
remain constant. 

With copper electrodes and an aqueous solution of copper sulphate 
the characteristic obtained in the above manner is a straight 
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line through the origin because the back e.mi. in this instance 

success in these experiments it is advisable to be^ with 
the largest value of the current and graduaUy reduce it to zero. 

n tS done the back e.m.f. in the ceU soon attams its maximum 

value and conditions become steady. 

The Resistance of Electrolytes.-A direct current caimot be 
employed in general for the determination of the resistivity of an 
electrolyte beLuse of the polarization ocoTOing at the electr^es 
KoHuaAtrsoH used alternating current and designed the foUowmg 








I 



'0| . A, 

I ( Distance between 
electrodes) 


Fiq. 47 -S.— a KoUransch Bridge (Eesistanoe of an Electrolyte). 

bridve which has been named after him. Eig. 47-8 (a) is a diagram 
of the circuit. AB is a uniform wire, S an adjustable known resist- 
ance andKthe cell containing electrolyte. Intermittent or alterna- 
ting current is suppHed as indicated. Now Kohlrausch showed 
that the frequency of the supply must be large— 50 cyole.sec. ^ or 
33^03*0 — the above effects are to be eliminated. A small induction 
ooa is therefore often used. The electrolyte is contamed in a 
glass tube provided with rubber bungs through whicVthe electrodes 
pasa of. lig. 47-8 (6). Reference to the bridge shown in Eig. 
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47*8 (a) shows that it is similar to a Wheatstone bridge : only since 
alternating current is used a telephone replaces the usual galvano- 
meter. As the jockey moves along the bridge wire the sound in 
the ’phones varies. When this sound is a minimiiTn — complete 
silence is seldom obtained — ^we have the ordinary Wheatstone bridge 
relationship, viz.. 


where R is the resistance of the electrolyte, S a known resistance, 
and ti and 1 2 the lengths of the corresponding parts of the bridge 
wire. [If the sound is a minimum over a range of the bridge 
wire instead of at some definite point, the extent of this range 
should be recorded and its centre considered to be the true balance 
point.] 

In practice the above simple circuit is not sensitive since the 
wire AB almost short-circuits the secondary of the induction cod — 
under such circumstances the rate of supply of energy to the bridge 
is small. To increase this AB may be made from very fine wire, 
but this is not desirable for such whe is easily damaged. The 
difficulty is .overcome by increasing the effective length of AB by 
placing known resistance coils at its ends as shown in Fig. 47*8 {d). 
Generally they are equal — say 10 Q. To begin the experiment 
these cods are short-circuited and the jockey placed near to the 
middle of AB. S is adjusted untd the bridge is balanced. The 
short-circuiting pieces of wire are then removed and the balance 
point accurately determined. This procedure is necessary to 
ensure that the balance point shad be on AB. Then 


S __ 10 + resistance of AD 
R 10 + resistance of DB' 


so that it is necessary to know the resistance per unit length of 
the wire AB. 

I 

Now, in general, ® where the symbols have their usual 

meanings. In this instance % cannot be deduced directly because 
the electrodes do not fit the tube and the lines of current flow are 
not linear— cf. Fig. 47*8 (c). To obtain a value for R is deter- 
mined for various distances, Xy between the electrodes. The relation- 
ship is a linear one if X is not less than about 1*5 diameters of the 
y . A' ' 

tube, ie. R where c is a constant — cf. Fig. 47*8 (e). 

The slope of J}he line gives so that % may be obtained. 

When this bridge is used to determine the resistivity of a copper 
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sulphate solution, copper electrodes may be f 

other cases platinum electrodes should be used.] They must be 
deaned with nitric acid and thoroughly washed with disced 
water before use. men the first accurate balance point has been 
Itoined the electrodes should be treated in the abowe manner and 
Z1 the final observations made, this way the sharpness of 
the position for minimum sound m the phones is greatly enhanc . 

In alternative cell is shown in Fig. 47-6. A glass tube of 
uniform width is held by rubber bungs in the mamer mdieated. 
The electrodes are fixed in position relatively to the supporting 
tubes. Now the resistance aetuaUy measured wnen such a ceU is 
filled with, electrolyte is the resistance offered by the electrolyte m 
the glass tube together with a resistance arising from the presence 
of the liquid between the electrodes and the ends of the uniform 
dass tube. This latter resistance may be eliminated by repeatmg 
the experiment with a portion of the tube removed, the distances 
from the ends of the tube to the electrodes being constant, ihe 
difference between the two resistances thus determmed giv^ the 
resistance of the electrolyte in the portion of the tube cut off. If 
the mean diameter and length of this portion are known the resis- 
tivity of the solution may be calculated. 

Electrolytic Dissociation Theory. — -The two salient facts 
which any satisfactory theory of electrolysis must expla-m are 
(a) the transfer of electricity and (6) the transport of matter through 
the electrolyte. Following on the pioneer work of _ Geothuss 
and CLAtrsius, in 1887, Aeshenius brought forward his theory ot 
electrolytic dissociation. According to this, the conductivity of 
an electrolyte is attributable to the presence of free iom m the 
solution. These appear spontaneously whenever solution takes place. 
In electrolysis they consist of atoms, or groups of atoms, carr^g 
one or more elementary electric charges. If the charge is positive 
the ion is called a cation since it moves towards the cathode {—ye) 
under the influence of an electromotive force. Similarly the anion 
is the ion with a negative charge.^ It is necessary to assume that 
these ions do appear immediately solution occurs since Oto’s law 
is true for electrolytes. If Ohm’s law were not valid, it would 
imply that work was necessary to spht up the molecules of the 
dissolved substance before conduction in such an instance could 
occur. Thus the p.d. across an electrolyte would be greater than 
that implied by Ohm’s law. Moreover, the theory assumes that 
there is a constant interchange of ions between the molecules, a,nd 
at any instant there is a large number of ions in the act of migrating 

^ This charge is equal to that on an electron — the so-called elementary 
charge. The charge on the positive ion of a monovalent element has a 
charge numerically equal to that of an electron. 
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from one molecule to another. Thus in an aqueous solution of 
copper sulphate, some of the sulphate molecules' are broken up into 
On ions, (cations)' and SO4 ions (anions). The copper ions carry 
two positive charges, a fact which is symbolized thus : Cu’h The 
sulphate ion is denoted by 804'^. These ions are free to move at 
random throughout the cell before the e.m.f . is applied. When it is 
applied a directive force is exerted upon them, the anions ( — ) mov- 
ing towards the anode (+ ) and the cations (+) to the cathode (— ). 
Thus, when a solution of copper sulphate is electrolysed the copper 
cations move to the cathode where they lose their charges and copper, 
is deposited. On the other hand, the sulphions (— ) move to the 
anode and lose their charges. If this is made of copper the free SO4 
radical combines with the copper electrode and copper sulphate passes 
into solution. If, however, platinum electrodes are used copper is 
deposited on the cathode, but the free SO4 radicals are unable to com- 
bine with platinum so that they react with the water as follows : — 

2SO4" + 2HgO 2H2SO4 + O2 + four negative charges which 
pass from the electrolyte. 

The electrol^^tic decomposition of dilute sulphuric acid is explained 
by supposing that the free ions are H* and SO4". The cations (4*) 
are directed under the influence of the electric field towards the 
cathode (~~) where their charges are lost and they combine to give 
bubbles of hydrogen. The sulphions are directed in the opposite 
direction and, with platinum electrodes, eventually give rise to the 
formation of oxygen as previously explained. The net result is the 
decomposition of water. 

H2S04-->2H- + 804" 

2HV+2 0'~>2H-~^H2'f ■ 

2[SO/ + HjO] + 40-» 2 H 3 SO. + Oa 

Experiment, — The passage of sodium ions through glass may be 
shown in. a very striking manner. L, Fig. 47*9, is a carbon filament 
lamp whose filament is raised to incandescence by means of a battery 
AB. This lamp is partly immersed in an iron trough containing 
molten sodium nitrate. The positive pole of the battery AB is con- 
nected to the negative pole of a high-tension battery CD, the positive 
pole of which is joined to the trough. A galvanometer, G, shunted 
by a resistance, 8, if necessary, indicates the passage of a current in 
the circuit LGDCL. After about on© hour the walls of the lamp are 
covered on the inside with a deposit of metallic sodium. To explain 
this w© have only to consider the positive sodium ions which move 
under the influence of the electric field between the trough and the 
filament' towards the latter. ' They' pass through the glass [which 
contains sodium] into the bulb. Here they come into contact with 
electrons which are continually shot off from the hot filament so that 
their positiv® charges are lost and they become normal sodium atoms. 
These move to the cooler parts of the bulb where they are deposited. 




Fig. 47*9. — Passage of Sodium Ions thi'ough Glass. 


The equivalent conductivity, A, is defined by the relation 


a ' ' ' " ,■ 

Number of gram-molecules.cm,-"^* 


Nnmber of gram-eqnivalents.cm.~^‘ 


Definitions. — ^Tiie gram-equivalent of a substance is a 
quantity in grammes equal to its chemical equivalent. Thus, the 
atomio weight of silver is 108 — ^its valency being unity. Its chemical 
equivalent is therefore 108. A gram-equivalent of silver is there- 
fore 108 gm. Copper is bivalent and has an atomio weight 63 : 
its chemical equivalent is 31-6 and a gram-equivalent of copper 
is therefore 31*5 gm, 

' A gram-atom of an element is a quantity in grammes equal 
to its atomio weight. Similarly a gram-molecule of a substance 
is a quantity in grammes equal to its molecular weight. A gram- 
ion is a quantity in grammes of an ion equal to the sum of the 
atomic weights of its components. Each gram-ion of a monovalent 
substance carries a charge of 96,450 coulombs. If the valency is 
Z, the charge on a gram-ion is 96,450 . Z coulombs. 


Molecular Conductivity and Equivalent Conductivity. — If 
X is the resistivity of a given electrolyte at a fixed temperature, its 
reciprocal a is termed the conductivity of electrol 3 rte. If ^ 
is expressed in ohm.cm., a is given in ohm.'^^om.""^ The molecular 
conductivity, S, is defined by the relation 


S = molecular conductivity 




equivalent conductivity == 
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The unit for equivalent conductivity is obtained as follows: 

l/i] = — — — ; — « = ohm.“'^ (gra.-equivd^^m.^. 

‘‘ gni.-equiv,cin.“^ ■ ^ ^ 

Further if N = number of gram-molecule.cm." and if Z is 

the valency of the metallic radicle, ZN = number of gram-equiva- 

lent.cm.""®* 


Ionic Mobilities. — The distance through which an ion moves 
per second when the potential gradient is one volt.Gm.“"' is termed 
the mobUity of the ion. A discussion of the methods of determining 
mobilities would take us beyond the i i 

scope of this book so that we shall be [f 

content with a description of a direct 
method of determining the mobility 

of a CrgO^ ion. This is possible since ^ ™ ^ ^ 

such ions colour the solution through 

Aqueous solutions it it 


which they move, 

of potassium bichromate and of P 

potassium carbonate, each having the 
same resistivity, are arranged as in- H 

dioated in Fig. 47'10. A and B are zz 

two platinum electrodes about 30 cm. ^ 
apart. The voltage across the tube ^ M 
is such that the potential gradient l|l 

is about 3 volt. cm.*”" This is uni- If 

form since the resistance per unit M 

length is constant. The CrgOy ions ^ 

move towards A, their motion causing 
the line of demarcation between the . 
two solutions to travel upwards at a rate of about 1 cm. in 10 
minutes under the existing potential gradient. 

Relative Ionic Mobilities. — Let us consider the motions of the 
ions of a simple electrolyte. If, under a given potential gradient, 
the anion and cation move with different velocities, such differences 
are manifested by the changes in concentration which occur in the 
electrolyte near to the electrodes. Let Fig. 47-11 represent suc- 
cessive stages in the electrolysis, where the vertical dotted line indi- 
cates a permeable diaphragm dividing the cell into two parts . Let 
the velocity of the positive ions be twice that of the negative ions. 
Initially the molecules are assumed to be as in the first row and for 
simplicity we shall suppose that the distance from one molecule to 
the next is constant— call it >1. At a later instant when the positive 


KzCrM 


Ionic Mobilities. 
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ion has moved a distance 2A the negative ion wiU have ^ 

(hstance I and the state of affairs is represented in the second row. 
We notice that three charges of each sign have been hberated an 
that in the region of the anode (the anolyte) there has been a 


Thne positive 
charges given- 
up here 


losS^i nolecu/e 


Six positive — © § © 
charges given ioss-2 molecules 
up he^e ^^cMyte- 


Loss^2 molecules 

Loss ~4- molecules 
-Anolyte — > 


Three negative 
-charges giuen 
up here 

-'Six negative 
charges given 
up here 


Fig. 47-11. 

diminution in concentration of two molecules while the catholyte 

has suSered a loss of one molecule. i. it. 

Similarly, in the stage represented in the third row when the 
positive ion has travelled a distance 4A and the negative ion a 
distance 2jl, there is a liberation of six charges of each sign, and a 
loss of four molecules in the anolyte and two in the catholyte. 

This result is perfectly general and we may write 

Diminution in concentr ation at anode 
Diminution in concentration at cathode 

vel ocity of positive ion, i.e., cation _ 
velocity of negative ion, i.e., anion 

Hence, by determining the changes in concentration at the anode 
and cathode we discover the ratio of the mobilities of the particular 
ions investigated, for the ratio of the mobilities is eq[ual to that 
of the ionic velocities under the given experimental conditions. 

It is more usual to express the results of such investigations in 
terms of the transport numbers of the ions. The transport 
number, of a positive ion is defined as the ratio 

■ 

Ti . == — , 

-f- 


Similarly 

Hence = 1. ' 

The transport number of an ion in a given electrolyte indicates 
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that fraction of the total current carried by such an ion during 
electrolysis. 

Ionic Velocities and Mobilities. — ^It has just been shown how 
the ratio of the velocities of the ions present in a solutioiij and 
hence the ratio of their mobilities, may be determined in a given 
instance. In order to obtain absolute values of these mobilities 
it is necessary to obtain another relation between them. Kohl- 
BAUSOH first ^d this by finding an expression for the conductivity 
of a solution containing the ions in question. Since the conductivity 
could be measured, the other relation between the mobilities of 
the ions then became known. 

Let us assume that the concentration of the solution is m 
mole, cm."®; further, let there be complete dissociation, so 
that the concentration of 
the ions is also m gram-ions Potentiai decreases m 
cm."”® if, for simplicity, w© 

assume each gram-molecule • .. 

to be capable of dissociating ^ZZI\ 

into two gram-ions. Each 1 f W , . * ' 
gram-ion of the positive ion m \ ^ 

has a charge 96,490 cou- ^ ^ 

lombs associated with it, if Unit area Unit area ■ ^ 

we assume the ion to be {cQ ih) 

monovalent. Similarly, I’m. 47 * 12 .-— Ionic Velocities, 

there is an equal amount 

of negative electricity carried by on© gram-equivalent of the 
negative ion. . . 

Consider a plane of unit area at right angles to the ..direction 
of the current—cf. Eig. 47*12 (a). -Then in one second the amount 
of positive electricity passing across this plane is ^ ; 

mt? 4 , . 96,490 coulomb., 

where % is the velocity of the cation. 

Similarly, 96,490 coulombs of negative electricity pass per 
second, in ' the opposite ' direction. The ■ effective transport' of 
electricity is the,', sum 

m(Vj^ . 96,490 coulomb., 

since there are unlike charges moving in opposite directions. 

To obtain another expression for the flow of electricity per 
second, let 0 be the conductivity of the solution (the conductivity 
is the reciprocal of the resistivity). Suppose that V is the drop 
in potential per unit length normal to the plane considered. Let 
dx, Fig. 47*12 (6), be the length of a smal element of the solution 


Unit area 


Unit area 

ih) 


I’m. 47*12. — ^lonic Velocities. 


The effective transport of 
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of cross-section unity. Then the resistance of this element is 
given by 

cr 1 

Hence the current is given by 

potential difference 
“ resistance 


dx 


:<TV. 


The quantity of electricity passing per second is therefore nV. 

* • m96,490’ 

Direct Determination of the E.M.F. of a Cell.— A coil R, 

Fig. 47’13, whose resistance over a small range of temperatures has 

been determined, is immersed in 
oil which is well stirred. A steady 
current from a battery B is 
passed through this coil and it is 
measured by the copper voltameter 
V. The cell, E, whose e.m.f. is 
required is connected through a 
resistance of 10,000 Q and galvano- 
meter to the ends of R. The 
current is adjusted until the gal- 
vanometer deflexion is zero. The 
10,000 resistance serves to pre- 
vent large currents being taken 
from the cell. When an approxi- 
mate balance has been obtained the 
resistance S is short-circuited by 
the key Kg and the balance point 
redetermined. If I is the ciuTent 
through V and also through R 
when the galvanometer deflexion 
is zero, the potential difference 
across R is IR where R is the resistance of this coil at the mean 
temperature of the experiment; this p.d. must be equal to E. 

Current Efficiency. — We have seen that the quantity of elec- 
tricity necessary to produce one gram-equivalent of a substance by 
electrolysis is 96,490 coulombs or 26*8 ampere-hours. Now this 
is always the minimum quantity required. This is not caused 
by any invalidity of Faraday’s laws, for careful experiments 
carried out both with aqueous and non-aqueous solutions and with 
fused saite havB shown that one gram-equivalent of a substance is 
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Fio. 47*13.— Direct Determination 
of e.in.f. of a Cell. 
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always set free at the electrode when 96,490 coulombs of electricity 
pass through the electrolyte. Frequently, however, the first product 
of the electrolysis may react with the electrode or electrolyte or 
be separated in a form difficult to collect. These are some of the 
reasons why more electricity than the theoretical quantity is neces- 
sary to liberate a specified amount of substance. As an extreme 
instance we may cite the electrolysis of aqueous potassium chloride 
between copper electrodes. Although potassium and chlorine are 
the immediate products of the electrolysis neither appears, for the 
potassium reacts with the water forming potassium hydroxide and 
hydrogen, while the chlorine attacks the electrode at which it is 
liberated and forms cuprous chloride. 

The ratio of the yield actually obtained to that calculated from 
Faraday’s laws is termed the current efficiency. 

Some Practical Applications. — ^The process of electrolysis 
plays an important role in many industries. Copper is refined for 
use in electrical cables, aluminium is obtained from its ores, base 
metals are coated with more expensive metals, hydrogen and oxygen 
are prepared electrolyticaliy, chlorine is obtained from sea water, 
and in recent years heavy water has been prepared in bulk, etc. 

Aluminium plays such an important part in modem life that 
its preparation by an electrolytic process, first described by Heroult 
in 1886, will be considered briefly. The electrolyte is a solution of 
alumina (AlgOg) in cryolite (NagAlFg) at about 1000® C. The cell, 

Capbon •. — 

Electrode fj jf [["□CT 

To d.c. 

Mains 


Cryohie 

Alumina 


Aluminium 


Tapping hole 
and pfu^ 


Fia. 47*14. 

Fig. 47-14, is an iron box the sides of which are lined with a 
stamped-in carbon mass, so that a hearth of high electrical conduc- 
tivity is obtained. The iron box serves as the negative electrode : 
the anode consists of many rods of pure carbon. The furnace is 
started by introducing cryolite which is brought to a state^ of 
fusion by electrical heating. Pure alumina, prepared from bauxite, 
is fed in gradually at the surface of the cryolite and as it dissolves 
the p.d. across the cell falls to about 5 volts ; s^t this stage the 
current is in the range 15—30 kiloamps. Starting the furnace is 
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fecflitoted by . bontribntion of the moto ta &om mother 

*°Sa imporitiee i. the oryolite »e »o„ temoW •»! th« it 
oore elomto only is mlied po™ aluninmm a obteined. Thtt 
Lhecla in the bed of the ftensee and is withdtam at mterrale 
through a tuyere or tapping hole. 

The reaction -which occurs is equivalent to 

2 AI 2 O 3 + 3C —>■ 4A1 + 3002- 

In the solution Al- and 0" ions are present; in the electrol^ic 

process just described the Al*" ions pass to the cathode whde the 
0 " ions^move to the carbon anode with which, having lost their 

charges, they react to form carbon dioidde. Some carbon monoxi e 

is produced in increasing quantities as the supply of alumna 
decreases. The process is continuous, however, for about eight 
months, for fresh alumina may be added as required. At the end 
of eight months the ceU must be relined with carbon. 

In order to silver-plate a copper object, its surface is freed from 
all trace of grease and suspended, as a cathode, in a solution of silver 
cyanide (AgCN) in aqueous potassium cyamde (KCN). 

AgCN -f 3 KCN -> KAg(CN )2 + 2 KCN. 

The electrolyte deteriorates gradually — potassium carbonate is 
formed — so that potassium cyanide must be added. The excess 
of this substance may hdp to lower the resistance of the voltameter. 
A current density of less than 0-003 amp.cm.-- is used. The 
silver is deposited on the cathode as a dull matt layer which is 

afterwards polished. ' x -o 

Silver-plating is best carried out at room temperature, ior 
gold-plating a solution of AuCN in KCN is used. Objects of intricate 
rlRsign are best plated at high temperatures because of the higher 
rate of diffusion of the electrolyte into the interstices of the article. 

In the manufacture of electric lamps it is always necessary to 
test the ‘life ’ of several bulbs selected from a given batch. To 
do this a copper sulphate solution is placed in series with the lamp. 
The current is switched on, and continues until the filament oi the 
lamp breaks. The deposition of copper in the electrolytic ceU 
ceases, and from the mass of copper deposited the duration of the 
current is found, i.e. the ‘ life ’ of the bulb is known. Nowadays 
when lamps can be run for at least 1,000 hours, it is better to shunt 
the electrolyte with a smaU resistance, so that only a known fraction 
of the current through the lamp is available for the electrolysis. 
This procedure enables smaUer quantities of copper sulphate solu- 
tion to be used. 

Electrolytic action is also the cause of much anneyance. If an 
electric cable passes through a damp region, electrolytic action is 
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set tip, for tlie water contains dissolved salts, and this in time 
eats the cable away. When the cable has only one or two 
strands remaining the electrical resistance is high compared 
with its original value, so that considerable heat may be de- 
veloped at this spot. In extreme oases the heat liberated causes 
a fire. 

Secondary Cells or Accumulators .----When one of the primary 
cells described on pp. 801 to 806 has been in use for some time it 
ceases to supply current — ^this process of exhaustion is a gradual 
one, and the cell cannot he restored to its initial state by the passage 
of an electric current in the opposite direction. In 1859 Plantes 
designed a cell, consisting of two lead plates immersed in dilute 


V 



Current Prom 
externa! source 



sulphuric acid. Such a cell was found to be almost completely 
reversible and is termed an accumulator or secondary cell. Such 
a cell must be given electrical energy which is stored as chemical 
energy : when the plates of the cell are connected to a load, 
i.e. joined to some piece of eleetricai apparatus through which 
current may he passed, this chemical energy is released as electrical 
energy. . 

To study the action of such a cell let A and C, Eig. 47*15 (a), 
be two lead plates immersed in dilute sulphuric acid. A battery B, 
an adjustable resistance R, a two-way switch, and a voltmeter V 
are connected as shown. With the movable arm of the two-way 
switch, S, in the appropriate position, a current is passed through 
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the cell in the direction from A to C. Hydrogen appears at the 
cathode (— ) and oxygen at the anode (+). After a short time the 
surface of A is covered ynth a brown layer of lead peroxide (PbOa) ; 
the hydrogen at C does not enter into chemical combination with 
the lead so that this plate remains in the metallic state. The cell 
is now ill a ‘ charged ’ condition, i.e. it is capable of supplying 
electrical energy. This is easily demonstrated. By altering the 
position of the movable arm of S the voltmeter V is placed across 
the cell. At first its reading is about 2 volts, but after a short time 
the voltage drops rapidly to zero. 

During this experiment it may be noticed that when a current is 
passed through the cell from B, the plate A becomes covered with 
a chocolate-coloured substance : it is lead peroxide, PbOg. The 
plate C is unchanged; When the cell is discharged the lead peroxide 
disappears and both plates are covered with lead sulphate, PbSO^. 
The charging process may now be repeated, the oxygen at A con- 
verting the PbS 04 into the peroxide, while the hydrogen at C 
reduces the sulphate to lead. During these processes the lead at 
C becomes spongy so that a greater surface is available for use, .but 
the mechanical strength of the cell has been impaired. 

In order to obviate the tedious process of forming the lead plates, 
Faxtee, in 1880, made the plates with a paste consisting of red 
lead and sulphuric acid. This is equivalent to a lead sulphate 
paste, the plates bemg ‘formed’ by the passage of a suitable 
current. Modern accumulators owe their high efficiency to the 
fact that the plates are now made in the form of a lead-grid, into 
whose openings certain ‘ pastes ’ are pressed. The grids secure the 
pastes more effectively than in the original method. For the plate 
which is to serve as the positive electrode of the accumulator, the 
paste is red lead, PbgO^, the ‘ binding material ’ being sulphuric 
acid. The openings of the other plate contain litharge, PbO, with 
sulphuric acid as the binder. These pasted plates are not ready 
for use but have to be processed so that the litharge is converted 
to spongy lead and the red lead to lead peroxide. 

When a potential difference is applied to the pasted plates, 
immersed in dilute sulphuric acid — cf. Fig. 47*15 — the sulphions 
(SO/') move towards the anode, lose their charges, and the follow- 
ing reactions occur : — 

2SO4 + 2H2O 2H2SO4 + Og. 

Pb304 + 02~>3Pb02. 

At the same time the hydrogen ions (H’) move to the cathode 
where the litharge is reduced to spongy lead : the action is given by 

Pb0 + H2-->Pb + H20. 
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■ The Discliargiiig and Re-ctiarging of an Accumulator. — 
When the accumulator is sending current through an external 
circuit as in Fig. 47* 16 {a) the e.m.f. causes the hydrogen ions (H') 



to move to the anode and the sulphions (SO4") to the cathode. 
The reactions which occur are 

(a) At the negative electrode. 

Pb + SO 4 " PbSO* + 2 © 

where the symbol Q denotes an electron. These electrons pass 
to the positive electrode through the external circuit. 

(b) At the jDositive electrode, 

PbOa + 2H- + H2SO4 + 2 0-> PbSO^ + 2H2O. 

To recharge the cell a current must be passed through it — 
cf- Fig. 47*16 (b). As when the plates are ' formed ’ the hydrogen 
ions (H*) travel through the electrolyte to the cathode and the 
sulphions (SO4") to the anode. The following reactions occur 

(а) At the anode. 

PbS04 + SO 4 " + 2 H 2 O PbOa + 2 H 2 SO 4 + 2 0. 

The electrons which are liberated pass through the electrolyte. 

( б ) At the cathode. 

PbS04 + 2H‘ + 2 0 -> Pb + HaS04. 

These equations show that during the process of charging the 
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cell sulphuric acid Is set free, i.e. the density 'of the electrolyte 
increases; during discharge the density falls. 

The state of a cell is ascertained by observing the density of 
the acid. The acid ^ of a fully charged cell has a density of 1 *25 gm. 
cmr ®9 at room temperature. 

The curves in Fig. 47-17 indicate the way in which the e.m.f. 



of the cell (as measured by a high resistance voltmeter placed across 
its terminals) varies with time during the process of (a) discharging, 
(b) charging. 

The use of accumulators is due to the fact that their e.m.f. is 
large, 2 volts, and their internal resistance is low, so that they can 
supply large currents. Unlike primary cells they may be recharged. 
Against these assets must be set the following disadvantages ; their 
cost is high, they must be treated carefully, and their mass is 
considerable. After about two or three years’ use their efficiency 
is very low, i.e. only a small fraction of the electrical energy spent 
in charging them is re-available. It is believed that this gradual 
decline in the efficiency is due to traces of iron in the lead plates. 

How to Charge Lead Accumulators. — Let T^ and T2, Fig. 47 18 , 
be the terminals of the mains supplying direct current. It will be 
assumed that the negative terminal is earthed and that the main 
switch is on the high potential side of the installation. Suppose that 
B is the battery to be charged. The negative terminal of B is con- 
nected to Ti tlirough an ammeter A. L^, Lg, L3, etc., are lamps in 
parallel with one another. Switches Kj, K^, Kg, etc., are arranged 
so that the number of lamps in parallel may be varied and the current 
adjusted to lie within the limits of the charging current specified by 
the manufacturers of the cells. 

A battery is fully charged when, with the current flowing at the 
normal charging rate, all cells are gassing freely and eveffiy, and 


^Dilute HjsS 04 of tMs strength may be made as follows jr add 289 cm.® 
cone. H^SO* to 1,000 cm.® distilled water. 
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the density of the acid is a maximum, viz. 1*25 gm.cm.“® at normal 
temperatures. 

d,c.Mains 



Fig. 4748. — Charging Accuinulatora. 


On the Care of Accumulators, — If the cells are received ‘ dry,’ 
i.e. without containing acid, they should be filled with sulphuric acid 
of density 1*25 gm.cm.~® to the * aeiddevel ’ line, i.e. to a height 
about 1 cm. above the top of the plates. The cells should be allowed 
to stand for twelve hours and sufficient of the above acid then added 
to restore the acid to its original level. The battery should then be 
charged at its normal rate for two days, the temperature never being 
allowed to rise above 40° C. During the end stages of this charging 
process, gas should be freely evolved from the cells and the voltage 
across each cell should remain constant. 

The cell is then ready for use. The state of its charge at subsequent 
times is ascertained from observations on the density of the acid by 
means of a hydrometer. It has already been mentioned that the 
cell is fully charged when the density of the acid is 1*25 gm.cm.-^ : 
at half charge the density is 148 gm.cm.-^ : the cell is fully discharged 
when the density is 141 gm.cm.-®. Under no conditions should the 
acid density be allowed to fall below 146 gm.cm.-^ so that the 
formation of lead sulphate on the plates— * sulphating ’ — is thereby 
reduced. 

From time to time distilled water must be added to the cell to 
compensate for evaporation. If a cell is to remain idle it should be 
fully charged and then ‘refreshed’ every month. 

Great care should he taken never to short-circuit an accumulator 
since when a heavy current is taken from the cell its plates tend to 
become buckled. The heat evolved during such a discharge tends 
to loosen the material on the plates. 

It is also essential to see that the acid used is free from dissolved 
metallic salts since the metals would eventually be deposited on the 
plates by electrolysis and local action occur. 

The Edison Storage Cell.— In recent years a new form of accumu- 
lator has appeared ; it is known as the Edison storage cell. It was 
designed with a view to being less massive but more robust than the 
lead accumulator. The positive plate is composed of nickel hydroxide 
and flake niekel or graphite,* the nickel hydroxide constitutes the 
active material, but since it is a non-conductor of electricity the 
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nickel or grapliite is added to render the plate conducting. After 
the plate has been ‘ formed ’ the nickel hydroxide is replaced by nickel 
peroxide— tins latter substance is used in the presence of water, so 
that its formula may be written Ni(OH) 4 , i.e. NiO^ + 2 H 2 O. The 
active material in the negative plate is finely divided rroii. These 
two plates are immersed in a 20 per cent, solution of caustic potash 
containing a small amount of lithium chloride. 

The active mixture for the positive plate is compressed into a steel 
tube wliich is perforated over its cylindrical surface so that the alkali 
may have easy access to it. The tubes are made of very thin cold- 
rolled carbon steel which is nickel-plated after the tube has been 
made. The tubes are about 12 cm. long and 0-5 cm. in diameter. 

The negative plate consists of steel boxes each 7-5 cm. long, 1*2 cm. 
wide and 0-3 cm. thick. They are made of steel and are nickel -plated. 
The finely divided pure iron is placed in these pockets, and a trace 
of mercuric oxide (HgO) added to lower the resistance of the electrode. 

The chemical reactions which occur in the cell may be summarized 
by means of the following equation : — 


Fe + 


KOH 


discharge 

+ 2Ni{OH)4 ^ 2Ni(OH)2 + 
charge 


KOH I + Fe(OH)2 


It will be noticed that the caustic potash does not vary in amount, 
so that the density of the solution is no indication of the state of 
the cell. The e.m.f. of the Edison storage cell is T35 volts. 

To Determine the Polarity of a Cell or the Mains . — An aqueous 
solution of potassium iodide is prepared, and a small quantity of 
starch paste is added. A piece of fiOlter paper is moistened with this 
solution. If now two wires Joined to the electrodes of a cell are 
allowed to touch this paper, a feeble current passes through the 
solution which is on the paper. Iodine is liberated at the anode 
which, acting on the starch, produces a dark blue compound. If the 
mains are under test a lamp must be placed in series with them. If 
starch paper is not available the electrodes may be dipped into salt 
water (in an egg-cup). Bubbles of hydrogen appear at the cathode. 
Alternatively, if a small quantity of phenolphthalein is added to the 
sodium chloride solution, a pink colour appears at the cathode : this 
colour is due to the formation of sodium hydroxide. 

SimilarljT-, rod litmus paper moistened with sodium cliloride solution 
turns blue at the cathode. 

Depolarizers. — In an earlier chapter [cf. p. 801] it has been shown 
how the polarization may be prevented by the use of a suitably 
chosen depolarizing agent. In addition to the inorganic salts which 
have been mentioned it is found that many organic compounds can 
also be similarly used. Cathodic depolarizers are those substances 
which either take up hydrogen or yield oxygen, or else do both simul- 
taneously, i.e. cathodic depolarizers are reduced. Anodic, depolarizers 
are substances which can be oxidized. 

Electrolytic Reduction.— An electrochemical method of preparing 
an organic compound possesses several advantages over a purely 
chemical method, for, by varying the conditions under which the 
depolarizing agent is reduced, it is possible to prepare a series of 
compounds from one such depolarizer. The electrol 3 ?tiorreduetion of , 
a depolarizer proceeds in two stages. 
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(a) Th© positively charged hydrogen atoms lose their charges and 
become atomic hydrogen. H* + 0 = H. 

(5) The atomic hydrogen combines with the depolarizing agent and 
reduces it. 

By such means as this aniline (CgHgNHa) is prepared from nitro- 
benzene (CgHgNOa) ; indigo is formed from indigo white ; oleic acid 
is converted into stearic acid. 

Electrolytic Oxidation, — ‘In this process the negatively charged 
hydroxyl ions lose their charges and oxygen is liberated — 

20H' + 2 © - HaO + O. 

For commercial purposes electrolytic oxidation is used in the 
preparation of formic acid (H.COOH) from acetylene (CgHg) — 

C 2 H 3 + 60H' + 6 0 - 2 H.COOH + 2 H 2 O. 

When an aqueous solution of alkali halide containing acetone 
CH 3 .CO.CH 3 or alcohol CH 3 .CH 2 .OH is electrolysed, chloroform, 
bromoform or iodoform is formed. The first stage of the process 
consists in the formation of CIO' ions [or the corresponding ions with 
bromine or iodine], 

201' + 20 = 2C1. 

201 + 20H' = CIO' + Cl' + H 2 O. 

The CIO' then reacts with the acetone as follows 

CH 3 .CO.CH 3 + 3010' - CHCia + CH 3 CO 2 ' + 20H' 

In the case of alcohol the equation is 

CH 3 .CH 2 .OH + 5C10' = CHCI 3 + H 2 O + 2C1' + 30H' + CO 2 . 

EXAMPLES XLVn 

1. — A tangent galvanometer has 6 turns of wire of mean radius 
10 cm. How much copper will be deposited in 30 mins, by a current 
which produces a deflexion of 45° ? [e.c.e. for copper = 0*000328 
gm. coulomb-^ H^ == 0*18 oersted.] 

2 . — When a current is passed through a voltameter and tangent 
galvanometer, a deposit of 0*32 gm. of copper is obtained per hour and 
the deflexion is 39°. The diameter of the coils is 18 cm. Assuming 
fchat the above numbers are liable to experimental error, calculate the 
number of turns in the coil. [Hg =0*18 oersted.] 

3. — ^A piece of very thin metal measures 8 cm. x 18 cm. It is desired 
to coat it with a layer of silver 0*1 mm. thick. For how long must a 
current of 3*5 amperes be passed. [e.c.e. for silver = 0*001118 
gm. coulomb-^ ; density of silver — 10*5 gm. cm.*®] 

4. — State Faraday’s laws of electrolysis. How may they be verified 1 

5. — ^Define the terms ampere, electrolyte, cation, ohm, electron. 

6 . — ^What is meant by the statement that the back e.m.f. in an 
electrolyte is 0*2 volts ? A battery having a total e.m.f. of 20 volts 
and 1 ohm internal resistance is connected in series with an electrolyte. 
This is shunted with a 10 ohm coil. If the battery supplies a current 
of 3 amperes and the back e.m.f. in the electrolyte is 0*1 volt deduce 
the resistance of the electrolyte. 

7. — ^ExplaiA what is meant by the statement ‘ the electrochemical 
equivalent of copper is 0*000329 gm. coulomb~^.’ Calculate the cur- 
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rent' tiiroiigh a copper voltameter if 0*987 gm. of copper is deposited 
in it in 40 minutes. 

8. -— Explain Ohm’s law and describe how you would verify it. Discuss 
whether the law holds for electrolytic conductors. 

9 . — Give a short account of the laws of electrolysis. A Daniell cell 
is used to send a steady current through a certain circuit. It is found 
that in half an hour the negative pole of the cell has decreased in 
weight by 0*070 gm. Calculate the increase in weight of the positive 
pole, and the mean value of the current supplied by the cell. [The 
atomic weights of copper and of zinc may be taken as 63*6 and 654 
respectively, and the electro -chemical equivalent of hydrogen as 
0*0000104 gm. coulomb.'"^] 

10. — State Faraday’s laws of electrolysis and describe how you would 
proceed to measure the electrochemical equivalent of silver. 

11. —Describe and explain what happens when an aqueous solution 
of copper sulphate is electrolysed between (a) soluble electrodes, (6) 
insoluble electrodes. 

12. — Give an account of the conduction of electricity through aqueous 
solutions of inorganic salts. How does it differ from the conduction 
of electricity through mercury ? 

13. —- Describe how you would investigate the validity of Ohm’s law 
in the case of acidulated water and state the results you would expect 
to obtain. 

14. — ^Define the ampere and the electromagnetic unit of current. 
Explaiu how with the aid of a tangent galvanometer and a copper 
voltameter you would determine the relation between these two units. 
—(L. ’29.) 

16. — Explain with the aid of a circuit diagram how an electrometer 
may be used in an experiment either to find the resistance of an elec- 
trolyte, or to compare the capacities of two condensers. (N.H.S .0 . ’ 29 . ) 

16. — State Faraday’s laws of electrolysis. 

Describe a lead accumulator and give an outline of the changes that 
probably occur during the process of charging the cell. 

In the electrolysis of acidulated water it is found that 0*1 16 cm.^ 
of hydrogen (at S.T.P.) is liberated per coulomb. Assuming that the 
charge carried by a hydrogen ion is 1-60 X 10 coulomb, calculate 
the number of molecules in 1 cm.® of hydrogen (at S.T.P. ). 

17. — If a steady current of 0-25 amp. for 0-5 hr. liberates by elec- 
trolysis 52 cm.® of hydrogen at S.T.P. and 1 mole, contains 6-03 X 10®® 
molecules, calculate a value for the charge on an hydrogen ion in 
electrolysis. 


CHAPTER XLVm 

ELECTROTHERMAL EFFECTS AND 
THERMOELECTRICITY 

Eleoteothebmal Effects 

Joule’s Original Experiment on the Production of Heat 
by Current Electricity,— In this research Joule prox^osed to in- 
vestigate how the amount of heat dissipated by a current flowing 
in a conductor varied, in a given time, with the strength oi the 
current. The apparatus, shown in Fig. 48*1, consisted of a tall 
glass cylinder containing water. The wire was passed tlirough a 



thin glass tube B and then closed upon it. The extremities of 
the coil were then pulled slightly apart so that the wire was not 
short circuited. In some experiments a cotton thread was inter- 
posed between the windings. The current was measured by a 
type of tangent galvanometer, G, the frame being rectangular ; 
its indications were ^standardized by a voltameter — Joule expressed 
his quantities of electricity (current x time) ‘on the basis of 
Faraday’S' gi;eat discovery of definite electrolysis/ Joule used a 
mercury-in-glass. thermometer, the scale being graduated on 'the 

Oil 



stem. Before making an observation on tbe temperature, the 
was stirred by means of a feather. Joule took the pre- 
caution of using the thermometer in a vertical position and to 
bring his eye ‘to a level with the top of the mercury.’ He 
estimated changes in temperature of 0-1° P. 

As a result of these experiments Joule found that the heat 
generated in a given time in a specified conductor is directly pro- 
portional to the square of the current ; also, for a given current, 
the heat, Q, produced in a given time was directly proportional 
the resistance of the wire, i.e. 

Q cc PR. 

The above work was carried out at a time when Joule was not 
with Ohm’s law. In fact, if Joule had been aware of 
the validity of Ohm’s law, he could have deduced the above result 
theoretically as we shall see below. In fact, Joule’s law and Ohm’s 
law are really alternatives. 

The Heating E&ect of a Current. — Prom the definition of 
the electromagnetic unit of potential difference it follows that 
when a current i [e.m.u.] is flowing between two points differing 
in potential by an amount e [e.m.u.] the energy, W, liberated 
in t seconds is eit ergs, since it is the quantity of electricity trans- 
ferred in this time. In practice it is found that inconveniently 
large numbers occur when the electromagnetic system of units 
is employed. When the current is measured in amperes (I) and 
the potential difference in volts (V) [practical units] the work 
(W) liberated in t seconds is measured in joules and we have 
W = VB joules = Ylt X 10’ ergs. The validity of the above is 
established when we remember that one e.m.u. of current = 10 
amperes, and one e.m.u. of potential = lO"® volts, for then W = 
eit = Y X iO®.I X 10~^.^ = YI X 10’. ergs, or Ylt joules. Now 
the work done per second is termed the power, the practical unit 
of which is the watt> Hence the power necessary to send a current 
I amperes through a conductor across which the p.d. is V volts 
is YI watts, 

' V'' ' 

If R is the resistance in ohms of the above circuit, R = -j , so that 
YH 

W = 1%, or joules. 

The above equations give us the energy used in ‘ overcoming the 
ohmic resistance of the conductor All this energy is dissipated as 
heat in the conductor and the amount of heat, Q, generated in t 

seconds is given by Q = -j-, where J is the mechanical equivalent of 
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-5 ^^- 2 == caL Sometimes this is written 


A = tt 5 tS 9 but in precision work it is better to measure V and I 
^ 4*loR 

since the resistance of the conductor depends upon its temperature 
and, in general, this resistance would be measured at room tempera- 
ture and this is certainly not the temperature of the wire when heat 
is being developed in it. 

The formula just obtained may be derived in a slightly different 
way as follows. Let A and B be two points in a wire at potentials 
Vj and V* respectively, (Vi >Va). Suppose that a charge dq 
passes from A to B. At A the potential energy associated with 
the charge is Vj . dq [the potential energy in such a case is the 
work done in bringing up the charge <5q from infinity (zero potential) 
to A]. At B the potential energy of this charge is Vg . <5q. Hence 
the loss in potential energy associated with this charge when it 
moves from A to B is (Vi ~ Val^q = (Vj — • Vj)! . dt^ if I is the 
current flowing for a time <3^. This energy appears as heat. The 
rate at which energy is dissipated is therefore (Vj — Va)I — VI, 
if (Vj -- V 2 ) = V, as before. If V is in volts and I in amperes, 
the product VI is in watts. 

Verification of Joule’s Law. — The apparatus consists essentially 
of a calorimeter containing paraffin oil or aniline [low vapour pres- 
sure to diminish evaporation and 
consequent heat loss, and a small fi 

specific heat so that the tempera- is 

ture rises “ ‘ 


quickly]. This calori- 
meter is fitted with an ebonite lid 
which supports the heating coil — 
see Fig. 48‘2. 


The current is sup- r-~— r L ' 

plied by means of a battery and is , / ■ ^ ^ 

regulated, i.e. it is kept constant, ; 

with the aid of the sliding resistance j 

S. An' ammeter' A indicates the , ' 

magnitude of the current. The ■ - 

potential difference across the coil is 

measured by the voltmeter V which — (Zy 

is in parallel wdth the heating A S j 

element [or a potentiometer may he — 

used]. The heat developed in a ^ 

given time t secs, may be calculated Fig. 48*2. — ^Verification of Joule’s 
». Mo™ tti ri« m tom- S* 

peratuxe of the calorimeter and. ■ . 
its contents has been determined. 

Let M be the mass of the oil of specific heat a, m the- mass 
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of the calorimeter whose material has a specific heat s, Sbud B 
the observed rise in temperature. Then the heat developed is 

(ilfo + ms) 6 cal. ; this should be equal to cal. 

Better results will be obtained if the calorimeter is surrounded by 
a double- walled vessel containing water but insulated thermally from 
It as indicated in Fig. 10*4 (a). This protects the calorimeter from 
draughts and thereby prevents erratic exchanges of heat between 
the calorimeter and its surroundings. The temperature of the 
water in this outer vessel should remain constant and be equal to 
the mean of the initial and final temperatures of the oil, for then heat 
is gained by the calorimeter from its surroundings during the first 
half of the experiment and an equal amount lost to them during 
the second half. Alternatively, Ferry’s method for correcting for 
the heat exchange between the calorimeter and its surroundings 
may be used [cf. p. 208]. 

Definition of Electromotive Force. — Suppose that a generator 
of electrical energy is comiected to a resistance R and that I is the 
current supplied. Let V he the potential difference across R. Then 
VI is the rate at which energy is dissipated in R. The total rate 
at which energj^ is supplied will be VI + a certain quantity pro- 
portional to I, say /?!. Then V + ^5 is the rate at which energy 
is supplied per unit current by the generator. This is termed E, 
the electromotive force of the generator. 

The Laws of Heating.— -When a current is passed through a 
wire the rise in temperature of the wire depends on the material 
of the wire and the nature of its surface. It is possible to find a 
very thin wire whose resistance is the same as that of a longer piece 
of thick wire : the wires may be of the same or of different materials. 
If their surfaces have the same radiating powers and the same 
current is sent through them, then an equal number of calories will 

Since the mass of the thin 

(b) 

of Heating. 

wire is small its rise in temperature will be much greater than that 
of the thick wire. In addition, the thick wire has a larger surface 
from which heat is radiated so that this tends further to diminish 
the rise in temperature. The ultimate temperature attained by 
such wires is reached when the rate at which heat is being developed 
in them is equal to that at which, it is lost from its s^irface to the 
surroimding air. 


be developed in each in a given time. 



(a) 

Fig. 48*3. — ^The Laws 
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The following experiments provide us with excellent illustrations 
of the laws governing the heating effects of currents. Fig. 48*3 (a) 
represents a chain formed of alternate links of iron and copper, each 
of No. 28 S.W.G. If a current of 4 amperes is sent through the 
composite chain the iron links become red hot and even if the 
current is increased until the iron wires are burnt out the copper 
does not emit any visible radiation. The explanation of this is 
to be found in the fact that the resistivity of iron is about seven 
times that of copper and since the specific heats of iron and copper 
are approximately equal the rise in temperature is about seven times 
as great in the non wire. 

The second experiment consists in placing pieces of copper and 
iron of equal length and gauge [No. 42 S.W.6.] in parallel and 
introducing them into a circuit carrying a current of about 10 
amperes [cf. Fig, 48-3 (6)]. In this instance it is the copper which 
glows. This is because the heat developed in a resistance at con* 
stant voltage is inversely proportional to the resistance. Hence in 
this instance seven times as much heat is developed in the copper 
as in the iron. 

Maximum Power to be obtained from a Given Battery. — 
Let E be the e.m.f. of a battery with internal resistance B. If a 
resistance R is connected to the battery the current through R is 
E 

Hence the energy dissipated per second in R is 

E^R 

p g - — = P, say. For this to be a maximum or a minimum 
dP 

must be zero. Differentiating we have 

dP E2(B + R)2 - E2R[2(B + H)] 
dR ”■ (B + R)^ 

This is zero when B == R. A second differentiation shows that 
W is a maximum when B = R. This important proposition is 
illustrated by Ex. 7, p. 935. 

Tlie Principle of Least Heat. — ^Let us consider two resistors 
Rj^ and Rg in parallel, the current through the combination being I. 
If Ii is the current through R^, (I — I^) is the current through Rg. 

/, Rate at which heat is produced in the two resistors 

~ cal.sec.-^ [Practical units assumed.] 

= P (say). 

. dT? 1 • ^ ... 


• dl, ~ J 


[2IiR, + 2(I-Ii)(-E,)]. 


i 
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This is zero if UB,, + B,) = IE,, and since ^ k positive for 

this value of Ii. the rate of production is a minimum when this 
condition is'satisded. Thus P is a minimum when the ci^rent 
through each resistor is inversely proportional to its resistance. 
This however, is the manner in which the current I does distribute 
itself and hence the division of current is such that the rate of 
production of heat is a minimum. 

The Rise in. Temperature of a Wire due to the Passage 
of an Electric Current.— Consider a wire of length I, radius r, 
through which a current I is flowing. If R is the resistance of the 
wire vdien steady conditions have been attained, i.e. when 4 ,, its 
temperature excess above its surroundings, is constant, the rate 

at which heat is developed in the wire is -j-. If Newton’s law of 

cooling is assumed to be true, 

OTA 

== s . 2nn . 


[cf. p. 319 and p. 342] 


But R 




where a is the surface emissivity of the wire. 

where % is the resistivity of the material of the wire at the excess 
temperature 0. 


3 ■ 


Thus the elevation of temperature is independent of the length 

of the we, but for a constant current ^ is inversely proportional 

% 

to the cube of the radius. 

Instead of assuming Newton’s Law of GooHng it may be supposed 
that the wire behaves as a black body when 

~ = 2jTrto(T* - To*), 

J ■ ■ 

where a is Stefan’s constant, T and T, the absolute temperatoes 
of the 'W'ire and its surroundings. K the wire is a filament in a 
lamp T > To, so that T,* may be neglected in comparison with T*. 

■■■ . -.7 ' ' 

Since R 


‘ Tcr^ 




X 


For tungsten ~ is almost constant, so that for wires of constant 
radius, r, 

cc T®, or T oc 
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/ ContiBEOiis Mow Calorimetry. — ^Tke heating effect of a 
current ' provides ns with an accurate means of determining the 
specific heat of a liquid. The apparatus shown in Fig. 48'-2 
may be used for this purpose. The more accurate electrical methods 
of determining the specific heats of liquids and gases have already 
been discussed and should be revised at this stage. 

A Few Practical Applications. — The heating effects of currents 
have numerous applications in everyday life ; foremost among these 
are the incandescent electric lamps, radiators, cooking ovens, 
furnaces, and wireless valves. 

The incandescent lamp consists of a glass bulb in which there is 
a carbon or tungsten filament, the temperatm^e of which is raised 
when a suitable current is sent thi'ough it. It is at once obvious 
that the higher the temperature of the wire the greater its power 
as a source of intense light. In order to attain this high temperature 
a wire of high melting-point must be used, e.g. tungsten or tantalum. 
At these high temperatures carbon or any metal rapidly oxidizes 
in the presence of oxygen, so that manufacturers exhaust the lamps. 
As the temperature at which a lamp was used became higher it was 
found that the motailio filaments began to evaporate ; consequently 
their resistance increased, the temperature rose and the wire melted : 
in addition, the evaporated metal was deposited on the glass walls 
so that the briilianoy of the lamp was impaired. To obviate these 
disadvantages modern bulbs are fiUed with nitrogen, the pressure of 
which is sufficient to render the evaporation losses negligible. In 
the smaller lamps a small amount of argon is added. 

Electric radiators consist of nichrome wire wound on a fireclay 
support ; the resistance of the wire is such that a temperature of 
about 800® C. is easily obtained when an appropriate current is 
passed along the wire. 

In small electric furnaces, such as are used in a laboratory, 
nichrome wire is wound on a silica tube and then covered with 
‘ purimachos ^ — a fireclay cement. The whole tube is supported 
along the axis of a cylindrical container, the intervening space 
being packed with asbestos wool. In the very latest type of such 
a furnace the wire is of molybdenum, and the whole is placed in an 
atmosphere of ‘ cracked ’ ammonia, i.e, ammonia which has been 
passed through a red-hot tube so that it is dissociated completely. 
In such an atmosphere molybdenum does not ‘burn out ^ even 
at a temperature of 1,800® C., e.g. steel may be very easily melted. 

In wireless valves, and X-ray tubes a tungsten wire is heated to 
over 2,000® 0. when it emits a copious supply of electrons — the 
‘ atoms of electricity.’ Under a suitable electric field these can 
be made to move; they then constitute a current [el. p. 797], 

The arc lamp consists essentially of two carbon rods, genera% 
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at right angles to one another. They are connected to the mains 
through a suitable resistance, and their distance apart can be 
adjusted by means of a screw. When the carbons touch, there is 
a large ouiTent which is sufficient to vaporize the carbon at the 
points where contact is made. The carbons are then separated 
by a few millimetres, and the current continues to flow and a 
temperature of over 3,000'" C. is reached. Modem steel works use 
electric furnaces in which very large carbon electrodes are employed. 
A current of 2,000 amperes at 65 volts is then sufficient to melt two 
tons of steel and alloys. 

In surgery a thin platinum wire heated to redness is often used 
to out tissue when, if the temperature is suitable, bssmorrhage is 
reduced to a minimum. 

Hot-wire Instruments. — For some purposes, currents are 
employed whose direction is reversed many times per second. 
These are known as alternating currents [cf. p. 953] and it is 
at once apparent that such currents cannot be measured by any of 
the arrangements hitherto described since the current is reversed 
before the moving part of the instrument has changed its zero 
position. Such cuiTonts are usually measured by the heating effects 
they produce since these are independent of the direction in which 



V 

Fia, 48-4.— Hot-wire Ammeter. 


the current is flowing. A hot-wire ammeter of the double-sag type is 
indicated in Fig. 484. AB is the hot wire, supported at both ends, 
and consists of a piece of platinum-iridium wire about 0*1 mm. in 
diameter. The above material is chosen since it does not oxidize 
readily and therefore does not deteriorate when subject to high 
temperatures. A second thin wire, CD, made of phosphor-bronze, 
is attached to the centre of AB ; to this second wire a fine silk 



thread S is attached. This passes round a small pulley P and then 
is attached to .a spring, R, so tha.t each portion of the system is 
kept in tension. A light aluminium pointer is attached to P. 
When the hot wire expands and the system is made taut by R, 
the pointer is deflected. Connexions are made to the terminals 
Ti and Tg. The scale readings may be checked b}-' passing Imo'^^ui 
direct currents thi’ough the instrument. V is an aluminium vane 
attached to the pulley and it moves between the poles of a horse- 
shoe magnet M : in this 'wa3^ oscfllation is prevented and, moreover, 
sudden changes in the ciuTent do not reveal themselves so q[uicldy 
and consequent^ the wire is never subject to excessive stress. 

Since in an alternating current the current varies periodically it is 
obvious that a hot-wire instrument does not measure the current at 
any instant in the cycle : what it does measure is the effective, 
virtual, or root-mean-square value of the current. This is 
defined as that steady current which produces the same heating 
effect per unit time as the alternating current. 

The Measurement of Power. — The power or rate at which 
energy is being dissipated in any portion of an electrical circuit 
is equal to the product VI watts, where V is the voltage across 
the portion of the circuit and I is the current in amperes. Instead 
of measuring the voltage and current separately and deducing the 
number of watts from them, wattmeters have been designed to 
measure the power directly. The essential features of such an 
instrument are indicated in Fig. 48-5. In a wattmeter there are two 
concentric coils, one being fixed whfie the other is movable. The 
fixed coil consists of a few turns of thick wire which are connected 
to the terminals AA. These enable the fixed coll to be placed in 
series with the current in the circuit where the consumption of 
energy is being deter- ■ 

mined. The movable 

coil consists of many 
turns, of very thin wire 
and it is connected to 

the terminals W of I V 

the instrument. These \l 

permit the movable 
coil to be connected 

across the mains. The ^ 

movable coil is wound ^ 

on a bobbin carrying a load_J' maws 

pointer. The coils are ^"■■*** 

arranged so that in Fia. 48*5. — ^Wattmeter, 

their zero position 

their planes are mutually perpendicular ; hence when currents 


Fia. 48*5. — ^Wattmeter. 
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msB througli them there is a couple tending to make the coils 
coplanar. The deflexion of a pointer attached to the movable coil 
iV proportional to the rate at which energy is being consumed 
The iLniment may be calibrated with the aid of a standard 
voltmeter placed m paraUel with W and a standard ammeter 
placed in series “with. AA. 

Note on the Measurement of Electrical Energy. ^It hM 
already been shown that the power or rate at which energy ^ 
produced in a load is VI watts where V is the p.d across the load 
ia volts, and I amp. is the current through it. Engineers use a 
larver unit of power : itisthekitowctf wliichisequalto l.OOOwatts. 
Another unit of power is the horse-power which is the power when 
energy is developed at a rate of 550 ft.lb.-wt.sec. 

I H P. == 550 X 3048 X 453-6 X 980 erg.see.-i 
= 746 X 10’ erg.see."’- 
= 746 watt. 

Electrical motors and other appliances have their power stamped 
upon them so that if the time for which they are in use is known 
the energy consumed may he calculated, since 

Energy = power X time in seconds. 

Electric supply companies measure the energy supplied in kilo- 
watt-hours or Board of Trade units [1 KVA-hour]. 

Now 1 KVA-hour =1 kflowatt-hour 

= 10® joule.sec.-’ X 1 hour 
= 10® joule.sec.-i X 36 OO sec. 

= 3-6 X 10® Joule. 

Examole. A 2,000 watt heater operated from 240 V. mains raises 

the tempera, turo of 10 litres of water 30° C. If 1 B-T-V. costs 2d., 
find minimum values for the cost and time lequireu. 

Heat required = 10 x 1,000 X 30 cal. = 3 x 10® cal. 

2 X 10® 

Bate of supply of heat by tlie heater = r^rTr— cal.sec.-i 


Time 


3 X 10® X 4-18 


2 X 10® 

Energy consumed = 2,000 joule.sec. 

VB600. 
63 


4-18 

sec. 10 J minutes, 

for 630 sec. 


= 2 KVA X 
= 2 x 3 ^ B.T.U. 


hr. 


Cost = = 0-7d. 

Experimental Determination of the Thermal Eihissivity of a 
Wire.— A nickel wire [S.W.G.34] and 30 cm. long is suitable. AB, 
Fig. 48-6, is the wire whose emissivity is required. It is held in a 
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horizontal position and thin copper leads are attached to it at points 
C and D near to its ends. The wire is connected in series with an 
adjustable resistance, a battery, a key K, and a coil S. A small 
current, not sufficient to raise the temperature of the wire appreciably 
above that of the room, is sent through it. The potential differences 
between C and D and across S are measured with the aid of the milli- 
voltmeter MV. Mercmy cups, a in a block of paraffin wax 

enable the connections to be made easOy. From these observations the 




* ■ 


rvvWT 

0’5ohm\ 


= 2*3 X 10~® cal. sec.”^ cm.~* deg,-^ 0. 


Fig. 48*6. — Thermal Emissivity of a Wire. 


current in the circuit and the resistance of the portion CD of the wire 
are deduced. A current of about T5 amperes is then passed through 
the wire and the potential differences between the same points deter- 
mined with the aid of the voltmeter V, The current and resistance 
are again calculated. From a knowledge of the coefficient of increase 
of resistance with temperature for nickel [0*0052 deg.'”^ C.] the tem- 
perature of the wire may b© found. This temperature has become 
steady since the rate at which energy is dissipated in the wire is 
equal to the rate at which heat is being lost from its surface. The 
thermal emissivity is calculated as follows. 

Example . — 

(i) P.D. across 0*5 ohm =47*4 x 10- ® volt. 

P.D. „ CD = 72*5 X i0-» volt. 

/. resistance of CD = 0*765 ohm at 19*5° C. 


(ii) P.D. across 0*5 olim = 0*76 volt. current = 1*5 amp. 
P.D: „ CD ■ =l*75volt. . ■ 

resistance of CD when heated = 1*17 ohm = Ilj. 


Since Rj = Ro(l + and R^i = Ro(l 4- /c^i), w© have 

Length of wire — 33*8 cm. Diameter = 0*023 cm. 

„ , . Amount of heat (cal.) emitted p er sec. 

Emissivity — — surface x temp. diS. , 

1-5® X 1*17 


.% ^ = 131° 0. 


Emissivity 


92.2 
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Thebmoeleotkicity 

Tlie Seebeck Effect.— In 1821 Seebeck discovered that an. 
electric current could be produced by thermal means alone. He 
showed that a current flows in a circuit consisting of two wires of 
different materials as long as there is a difference in temperature 
between the two junctions. We must note, however, that the 
current ceases as soon as this temperature difference becomes zero. 
Such currents are termed thermoelectric currents and the electro- 
motive force producing them is known as a thermoelectric force. 

One of the first pieces of apparatus whereby Seebeck discovered 
how to produce thermoelectric currents is shown in Eig. 48*7 (a). 
The ends of a copper bar were bent as indicated, and soldered to a 


Hot 



bar of bismuth. The plane of this combination of metals was 
placed in the magnetic meridian, and a small compass needle was 
supported near to the middle of the circuit. Wlien the junction A 
was heated the pole N of the magnet was deflected towards the 
west (this movement is indicated in the diagram by the © sign), 
i.e. an electric current had been produced and it flowed from the 
copper to the bismuth across the cold junction. If the circuit 
consists of rods of antimony and bismuth, bent for convenience 
to form a circle, the direction of the current is from the antimony 
to the bismuth through the cold junction [cf. Eig, 48*7 (6) ], The 
direction of the current may be found by placing the plane of the 
coil in the meridian and observing the motion of a magnetic needle 
at its centre. In each instance the energy necessary to maintain 
the current is derived from the surroundings, i.e., on the whole, 
there is an absorption of heat from them. 

AHB is a rod of copper 1 cm. in diameter and bent 
as indicated in Eig, 48*8 (a). It is short-circuited by 0, a thick piece 
of constantan [Ou 00 per cent,, Ni 40 per cent.]. A large iron block 
is cut in halves, grooved, and fitted round the rod as shown in Eig. 
48*8 (6). AB is insulated from the iron blocks by pape:^. When the 
end A of the rod is heated whilst B is kept in ice it is almost impos- 
sible to separate the two pieces of iron. This is because the iron has 
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become magnetked by the large current in ' the circuit HKL. This 
current is produced by the small thermoelectric force in the same 
circuit which appears when the two Junctions K and L are at 





Fig. 48*8. — Seebeck Effect. 

different temperatures. The current is large since the resistance 
of the circuit is very small if the junctions K and L have been well 
made — they should foe silver-soldered. 

The Peltier Effect. — An effect which is the converse of that just 
described was discovered by Peltieb in 1834. He noticed that 
when a current passed across the junction between two dissimilar 
metals there was either an evolution or an absorption of heat, i.e. 
the junction was either heated or cooled. For any two metals 
the condition whether the junction shall be heated or cooled is 
determined by the direction of the current. This effect is entirely 
apart from the Joule effect which is irreversible, i.e. it does not 
depend on the direction of the current in the conductor, whereas the 
Peltier effect is reversible. In the following experiment the former, 
effect is made negligibly small by using thick rods. B, Fig. 48*9, is 
a rod of bismuth soldered at each end to a rod of antimony, A. If 


//eai 

\evoh'ed 


.Heat _ 
absopbadf 


Fig. 48‘9.— Peltier Effect. 

a current is passed in the direction indicated there is an evolution 
of heat where the current passes from the antimony to the bismuth. 
At the other junction heat is absorbed. The effects are reversed 
when the current is reversed. These effects are clearly shown if 
coils of thin copper wire are wound round the junctions of the metals. 
Copper is chosen because its coefi&cient of increase of resistance with 
temperature is large. The resistances of these coils are measured 
when a current is passed along the rods. An increase in resistance 
of the coil at the junction where the current passes from antimony 
to bismuth shows that heat is developed at this junction. The 
other junction is cooled for the resistance of the coil round it 
decreases. When the direction of the current is reversed, contrary 
effects are c^tained, indicating thereby that the effect under 
investigation is reversible. ' ■ 
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The existence of the Peltier effect may also be demm^rated in 
the following way. Let T, Fig. 48-10, he a thermopile [cf. p. 325), 

connected through a key, Kj, to a sensitive galva,nometer, &. 
Further, let us suppose that when heat radiation faUs upon the 
St-hand face of the thermopde the current in the _ circuit 
milked (1) is clockwise. Let B be an accumulator, in series mth 
an ammeter A, adjustable resistance R and key Kg, so that a 
current of about 0-1 ampere may be passed for a period of about 
10 seconds through the thermopile T [circuit (2)]. As arranged 


drcuit (2) 


Cincaii (0 


Fig. 48-10. 


in Fig. 48-10 the current from B passes through T m the same 
direction as did the thermoelectric current produced when h^t 
rays fell on the right-hand face of T. When Kg is opened and Kj 
closed immediately afterwards it will be found that G is deflected : 
the direction of this deflexion will be such as to indicate the presence 
of an anticlockwise current in circuit (1). Thus the junctions of 
the thermopile on its R.H.S. must have been cooled with respect 
to those on the L.H.S. If the current from B through T is reversed, 
the current through G when Kg is closed wiU also be reversed. 

Both the Seebeck and the Peltier effects may be expkmed if we 
assume that there is an electromotive force at the junction of two 
metals, acting in the case of an antimony-bismuth junction from 
the bismuth to the antimony, i.e. bismuth is electropositive with 
respect to antimony. If a circuit consists of two metals only and 
the temperature is everywhere the same, then the electromotive 
force at one junction is equal and opposite to that at the other and 
the total electromotive force in the ckcuit is zero. If, however, the 
temperatures of the junctions are different, the opposing electro- 
motive forces are not equal and the difference between them causes 
a current to flow. 

On the other hand, when a current is passed from antimony to 
bismuth work is done in overcoming the electromotive force at the 
junction : this appears as heat and the junction is heated. If the 
current is reversed the junction is cooled. Hence, on »these assump- 
tions, the existence of the Peltier effect finds a ready explanation. 



where X 2 is' the distanee the mercury recedes iix this instance. Hence, 


, In a general way the existence of an e.mi. at the junction of two ' 
metals can he accounted for from our knowledge of the structure 
of conducting substances. Modern theory suggests that all such 
bodies contain large numbers of free electrons, i.e. electrons free to 
move in, the interstices between the constituent particles of the 
conductor. These electrons behave very much like, the molecules 
of a gas so that they are often referred to as an ‘ electronic gas.’ 
The density of this gas at any fixed temperature of the metal . iS' 
assumed to vary in different metals, so that when two metals are 
placed ill contact the electrons diffuse from one to the other. This 
diffusion establishes an electromotive force at the junction which 
increases in value until it is sufficient to prevent a differential 
diffusion of the electrons from the one metal to the other. The 
equilibrium condition finally established is an example of a 
‘ dynamic ’ equilibrium as distinct from a ‘ static ’ equilibrium, 
for there is no reason to suppose that when equilibrium has been 
attained the motion of the electrons ceases. 

Measurement of the Peltier Coefficient for Two Metals.— 
The energy absorbed when unit quantity of electricity passes 
across the junction of two metals is called the Peltier coeffi- 
cient for those metals (Maxwell). — If the energy is measured 
in joules, the current in amperes, and the time in seconds, the 
Peltier coefficient wiH be given in volts. Generally, one of the 
metals is lead, and if energy is absorbed when the current flows 
from the lead to the other metal across the junction, the Peltier 
coefficient is considered positive. 

To measure the Peltier coefficient — ^for a lead-constantan jmietion, 
for examjfie— the junction is placed in the inner tube of a Bunsen 
ice- calorimeter and covered with a small quantity of oil to ensure 
good thermal contact with the calorimeter. Let a current of I 
amperes be passed through the junction for ^ seconds. If R is 
the effective resistance of the couple, then 

Heat evolved = = Jcx^ 


where II is the Peltier coefficient, J is the mechanical equivalent of 
heat, viz. 4*18 joules cal."'^, k is the constant of the calorimeter 
determined by an electrical method [of. p. 232] and is the distance 
through which the mercury recedes. 

Now let the current be reversed for t seconds. Then 
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[NoTE.-“Aithougli tlie joule heating could be made small and 
perhaps negligible b^^ using thick leads, this would be a very tiii- 
desirable procedure in practice since the flow of heat by conduction 
along the leads to the interior would be augmented and would be 
very troublesome.] 

The Thomson. Effect.-— From theoretical considerations Kmsvm, 
whan he was Sm Wm. Thomson, proved that if the only seat of 
potential diflerence in a thermocouple was at the junctions the total 
e.mf. in the circuit should be proportional to the temperature 
difference between the junctions. Experiment shows that this is 
not even approximately true so that Kelvin assumed that in any 
homogeneous wire there must be an e.in.f, whenever there is a 
temperature gradient in the wire. To test the validity of this 
conclnsionj Kelvin sent a heavy current through a homogeneous 
bar. The ends of this bar were kept at a constant temperature, but 
the central portion was heated. Then, with the aid of a sensitive 
differential thermometer, he showed that the amounts of heat 
generated in the two halves of the bar were onequaL He also 
showed that the effect was reversible. 

Eseperiment , — A long thin U-shaped piece of iron wire is supported so 
that the bend dips into a considerable amount of mercury and a 
current of such strength that the wire is just visible in a darkened 
room is sent down one limb and up the other. The wire is cooled by 
the mercury so that there is a temperature gradient in the wire. The 
two portions of the wire glow unequally, showing that there are opposite 
Thomson effects in the two limbs. 

Electron Theory and the Thomson Effect. — Since the electron 
density is greater at low temperatures than at high, it follows that 
we may expect an electromotive force whenever a temperature 
gradient exists in a conductor. Thus the simple electron theory 
accounts for the existence of the Thomson effect. Unfortunately, 
however, this theory would indicate that the e.in.f. is always 
directed from the region of high temperature to that where it is low, 
i.e. electrons move from the cold to the hot region, whereas experi- 
ment shows that this direction depends upon the material 
investigated. 

Experimental Determination of Thermal e.mis. — (a) 
Approximate method* Let us suppose that we have to investi- 
gate the manner in which the e.m.f. of a copper- constantan 
thermocouple varies with temperatiu?e, one junction being main- 
tained at the temperature of melting ice, A const ant an wire is 
hard soldered to two pieces of copper wire to form two copper- 
constantan junctions as shown in Fig. 48*11 (a). The copper 
wires are then connected to the terminals of a high-resistance 


* Constantan : 60 Cu, 40 Ni, This alloy is also known as eureka. 
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gah^anometer G, It will be remembered that the coil of wire 
inside a galvanometer is made of ' copper : hence there are still 
only two different metals in the circuit. The thermocouples are 
placed in two different 
test-tubes siirromided 
by melting ice and 
by water respectively. 

One of the junctions 
is maintained at the 
temperature of melt- 
ing ice thi’oughout the 
experiment, while the 
temperatui*e of the 
other may be altered 
by heating the water. 

When the tem^Der- 
atures of the two 
junctions are different 
the electromotive force 
which is developed in 
the circuit causes a cur- 
rent to pass through 
the galvanometer. 

Since G has a high 
resistance its deflexion 
may be taken as pro- 
portional to the e.m.f. 
in the circuit. If ab- 
solute values of the 
e.m.f. are required the 
volt sensitivity of the 
galvanometer must be 
known. Usually the 
current sensitivity, i.e. 
the current requffed 
to produce a given 
scale deflexion (1 mm. when the scale is at a distance of 1 metre 
for galvanometers used in conjunction with a lamp and scale), is 
stated on the instrument, but if the resistance of the galvanometer 
is known the volt sensitivity is easily deduced. 

■■ {b) Simple potentiometer method . — Since the thermal e.m.f. 
which it is proposed to measure is small, a we with a small potential 
drop per unit length along it is required. Suppose that the poten- 
tiometer wire AB, Fig. 48-11 (6), has a resistance r ohms and it 
is placed in series with a resistance E ohms and a battery D of 
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e.mX' E. : The potential drop across the wire is eqnah to the 
' : current along the wire multiplied by the resistance of the' wire, viz. 

Er 

R ^ 

If E is of the order 2 volts, r of the order 10 ohms, and R of the 
order 2,000 ohms, the potential di’op across the potentiometer 
wii*e will be 10“^ volt, or voit.cm."^ if the wire is one metre 
long. One end of the thermocouple is connected to A through a 
• galvanometer G. ' The other end is connected to a jockey 0 which 
slides along the wire AB. The position of C is adjusted until the 
galvanometer deflexion is zero. The e.m.f. of the thermocouple 
is then equal to the potential drop across the portion AC of the 
potentiometer wire, and is given by the expression 

Er ^ 

R *4” T AB 

An objection to this method is that the battery B supplies an 
electric current and therefore its e.m.f. on open circuit is not 
the e.m.f. available for sending the current through the circuit. 
The correction is small, however, for the current supplied by the 
battery is not large. This available e.m.f. may be measured by 
placing a voltmeter, V, in parallel with B. Another objection, 
and one which is more serious, is that there is no means of main- 
taining a constant current in the circuit. This difficulty is over- 
come by proceeding as in (c), 

(c) Using a standard cell , — The resistance box R is replaced by 
two boxes, Ri and Rg, Fig. 48*11 (c), the sum of their resistances being 
of the same order as that of R, so that the fall of potential along the 
wire shall still be comparable with that of the thermocouple. S is a 
standard cell placed in series with a high-resistance X( 10,000 ohms) 
to prevent large currents from being taken from the cell. These are 
arranged as shown. 

With the keys Kj and Kg closed, the values of R^ and Rg are ad- 
justed so that there is no deflexion of G. The potential drop across 
Ri is then equal to the e.m.f. of S on open circuit since this cell is 
suppiying no current. If necessary, when an approximately correct 
balance has been obtained, the key Kg may be closed to short circuit 
X j this permits the galvanometer to be used at its mayirmini sensi- 
tivity. and are then opened. 

The e.m.f, of the thermocouple is determined by finding the point 
G on the wire AB corresponding to no deflexion of the galvanometer. 
K E is the e.Tn.f, of the standard cell, the fall of potential across Rj 
is E, so that the current in the main circuit is E/Rj. The drop in 
potential across the potentiometer wire is therefore 



so that the potential difference between A and C is therefore 
This is the of the thermocouple. 
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is not necessary to know Rg and when once the potential 
drop across has been ‘made equal to the of S on open circuit, 

the constancy of the current along the potentiometer wire may be 
tested and maintained by keeping constant and adjusting Rg so 
that the deflexion of G is zero when Kg is closed.] 

As before one Junction of the thermocouple is placed in a test-tube 
and surrounded by melting ice. The other is heated to diflerent 
known temperatures and in each instance the position of the sliding 
contact C when the galvanometer deflexion reading is zero noted. 
The thermal e.m.f. in the circuit is in each instance equal to the 
potential drop along the corresponding portion of the wire AC. 

Tlie Laws of Tfiermoeiectricity,-— Let A and B be two metals 
forming a thermocouple ; 0^^ temperatures of the cold 

and hot junctions respectively. The e.m.f. in the circuit will be 

denoted by and considered positive when the current flows 

from A to E across the hot junction. The laws of the thermo- 
electric ch’cuit are : — 

(i) The law of intermediate temperatures : For a given 
pair of metals the e.mf. when the junctions are at 6^ and 
63 is equal to the sum of the e.mfs. when the junctions are 
at 01 and 63 and then at 63 and 




(ii) The law of intermediate metals: When the tempera-^ 
tures of the junctions are fixed, the e.mf* for two metals 
A and C [denoted by is equal to the sum of the e.mfs. 
for the thermocouples A, B and B,C, ue* . 


The first law may be verified experimentally : the method is 
so simple that no description is necessary. It is important practi- 
cally, for if observations are made with a given thermocouple for 
various temperatures of the hot Junction, the cold one being kept 
at 0® C., then the e.m.f. appropriate to other temperatures of the 
junctions may be obtained by subtraction, for 




The validity of the second law may be tested experimentally by 
the following null method. Metals A, B and C, where C is copper, 
are arranged to form a 'star-pattern* as in Fig. 48 * 12 . Copper 
is selected as one of the metals so that a moving-magnet galvano- 
meter (all cofis made of copper) may be inserted to detect any current 
without introducing a different metal. If the ‘outer’ or hot 
junctions are ail raised to the same temperature and the 'inner* 
or cold junctions all kept in melting ice, no current flows. Since, 



930 MAGNETISM AND ELECTRICITY 

bower, tbe circuit is equivalent to three thermocouples [A, C], 

[B, A], [C, B] in series, we have 


E„c + Ejtt + Ecj — 0, 


i.e 


B„, 


Efli + B: 


o»h. ... of 

it is immaterial whatever 
alloy is used as a solder to 
join together the dissimilar 
metals. [In some instances 
the metals are twisted to- 
gether, hut this practice 
sometimes leads to trouble 
if oxidation occurs, for the 
resistance of the oxide may 
he very high.] Further, if 
the thhd metal forms the 
leads to a galvanometer no 
effect whatsoever is pro- 
duced provided that the 
junctions of these leads with 
the other two metals are at a constant temperature-generaUy 

0° C. in practice. . , i 

The e.m.f . of a Thermoelectric Couple—Expenment shows 
that for a wide range of temperatures the e.m.f. of a given thei mo- 
one junction I .t the temper.tMe of ni.ltog tee, 

i, given by the 

where (6 -h 273) is the temperature on the gas-scale, and a and ^ 

^'ToTSnftht SaJroclid say, “ 

thermocouple these metals must he jomed together mth y 
W Ser and then the free end of each metal must he soldered 
to copper. The copper-iron and copper-constantan ]imotions mus 
then be maintained at the same constant 
wlule the iron-constantan junction is placed m 
temperatures-say steam, under a known pressme “ 
of 76 cm. of mercury, tin at its meltmg-pomt, etc. ^ 

each instance must be determined as on p. 928. Then if -g is plotted 
against 0 , a straight Une will be obtained, for the above equation 
becomes 


^ Galvanometer' 


Hot- 


Hot 


Fig. 48-12. 
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wHch. is a straight line— slope and intercept on the ^ axis is oc. 

^If a mercury thermometer is used in this experiment a 

correction table must“be used to convert its readings to those on 

the gas-scale]. ' 

Thermoelectric Curves.— Let us consider a copper-non thermo- 
couple one of whose junctions is maintained at 0 C. while the 
other is raised in turn to a series of known temperatures. SupPOse 
the e.m.f. is measured in each instance and a graph show- 

ing the relation between the e.m.f. in the circuit and the ^- 
nerature of the hot junction. The curve is known as a thermo- 
electric curve— see Eig. 48-13. In practically all mstances it is 





/I i \a X 

a parabola with its axis vertical [in some instances only a portion 
of the curve is obtainable-one of the w^s “^otc (sav) 
K the temperature of the cold junction 
the corresponding thermoelectric curve obtamed by tiar^^mS 
the axes of co-ordinates to Ox%, 0 ^^ as shown, where the abscissa 

°^T/iimoeLcific Inversion.-^ study of the thermoelectric 

cur^e for a copper-iron thermocouple shows that a 

f£,mT,Prature of the hot junction the thermoelectric e.m.f. m the 
A, the tompctatuie Is Msed the e.mi. deoiesses, teeomffi zero, md 

to i«SL it. sign. The tenperato eotrespohdmg to the 
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Eeiitral point is the mean of the temperatures of the cold junction 
and the temperature at 'which the above reversal of sign begins. 

Experiment. — ^Th© above facts are very easily obtained by using a 
oopper-ii’on thermocouple in series with a high resistance galvanometer. 
The galvanometer deflexioiis are proportional to the thermal e.m.f . 
in the cii'cuit. 

Thermocouples used as Thermometers. — Since the e.m.f. 
of a thermocouple, with one junction at 0° C., depends upon the 
temperature of the hot junction, it is clear that when the corre- 
sponding thermoelectric curve has been obtained that curve may 
be used to determine an unknovm temperature within the range 
of temperatme covered by the curve. For such a purpose a 
copper-iron couple would not be chosen on account of the ambiguity 
which arises when the temperature is in the neighbourhood of the 
neutral point. For temperatures up to about 500° C. (gas scale) 
thermocouples made from copper- constantan, and iron-constantan, 
are satisfactory : the e.m.f. is large so that the temperature may 
be estimated accurately. Other pairs of metals must be used at 
higher temperatures : these will be discussed later. 

Meanwhile it must be noted that any pair of metals may be used 
to construct a centigrade scale of temperature. The metals selected 
for such a purpose may be constantan- copper. Let us suppose 
that the e.m.f. is measured by the fii’st experimental arrangement 
shown in Fig. 48*11 (a), although (5) and (c) may be used. The 
junctions of the thermocouple are placed in melting ice and steam 
produced under a pressure in the neighbourhood of 76 cm. of 
mercury, respectively. The resistance R is adjusted until the 
deflexion on the galvanometer scale is about 200 mm. : it is 
advantageous to make it equal to 25, where s is the steam tempera- 
ture on a centigrade scale as calculated from the barometric height. 
The galvanometer deflexion is then such that 2 mm. corresponds 
to one degree on a centigrade scale of temperature. It must be 
remembered, however [cf. p. 152], that temperatures on such a 
scale will not in general be identical with those on any other centi- 
grade scale. 

Experiment — Set up a thermocouple as above and use it to construct 
a centigrade scale of temperature ; then place one junotion in molten 
wax, observe how the deflexion varies as the wax cools, and from a 
suitable graph obtain a value for the melting-point of wax on the 
scale of temperature you have constructed. 

Some Applications of Thermoelectricity. — ^Thermocouples are 
widely used in industry, since they provide a ready and sufficiently 
accurate means of measuring temperatures over a wide range. For 
temperatures below 1200'^ C. base metals may be used. The con- 
struction of a rdckel-niclirome thermocouple is indicated in Fig. 48*14. 
AC and BC are the two wires welded together at C to form the ‘ hot 
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iunotion..’ The whole is protected by an. iron sheath, the bemg . 
iSted from it and one another by fireclay insulators. The wires 


^ ^^S^^Insulating material 

Fig. 48-14.— a ‘ Base-Metal ’ Thermoelectric Pyrometer for use to 1200° C. 

are oomieoted to terminals T^ and T^ fixed in the head of the pyrometer 
—made from insulating material. ^ ^ 

For use at higher temperatures the wires are made fiiom metals of 
the platinum group, smce at these temperatures it is necessary that 
the metals should be highly infusible and not affected Ij au. T 
wires should be very thorouglily annealed before use, and, aftei pro- 
wires snomaoey a higher temperature tlian the maximum 

iTwhieh they have been used since platinum readily absorbs gases. 

Temperature Cold 

, Indicator on^^y^dunctlor 

riot rp Recorder ASE? \ 

Junctio n " — — r — — \X/ 

f- — ' 

^'fviref'' Compensating Leads 

Fia. 48* 15. —Thermoelectric Pyrometer, 

The sheath and hisulators are made of silica. For t^niperatures from 
1400° C to 1700° C. a couple made from molybdenum and f>>ng®‘®n 
wires is suitable. At these temperatures, however, the wires a e 
brittle and must therefore be protected from 

ttoough a tube heated to 1000° 0. Such couples are used to determme 
the temperature of molten iron and steel. ^ arrangement is as 

temperature’ before bemg comiected to the iee 

T T must be kept at the tempeiature oi melti g • 

The Radiomicrometer.— A very sensitive imtrament ® 
teoting feeble, thermal radiations is known as a radio-morometer 

it wS invented by b’Absohval and by Bovs, and is shown dia- 
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grammatically in Fig. 48-16. CD is a loop of copper or silver 
wire [No. 36 S.W.G., diameter 0-2 mm.]. The circuit is closed at 
its lower end by an antimony-bismutb 
junction, A, B. A piece of the same wire, 
about 5 mm. long, is soldered to tbe loop 
at its upper point, and attached by 
shellac varnish to a glass capillary tube G, 
M is a plane mirror, edge about 3 mm. 
in length. It is a piece of cover glass, 
selected by optical trial for planeness, and 
silvered at the back. The loop is suspen- 
ded by a fine quartz fibre [0*004 mm. in 
diameter], between the poles of a strong 
magnet. Since antimony and bismuth are 
very diamagnetic, they must be screened 
from the influence of the magnet by sur- 
rounding them with a large block of soft 
iron [not shown in the diagram]. A hole 
drilled in the iron block permits radia- 
tion to fall on a very small piece of 
blackened copper foil attached to the 
junction between the antimony and the 
bismuth. The sensitivity of this instru- 
ment is such that when the temperature 
of the copper disc is raised only by a few 
millionths of a degree the current in the 
loop is sufficient for it to be deflected. 
M enables these deflexions to be measured by a lamp-and-scale 
method, and it is placed about 3 cm. from the lower end of G, so 
that the heat falling on M from the lamp shall not be trouble- 
some. The wire carrying the loop is torsionally infinitely rigid 
compared with the quartz fibre, so that any deflexion of the 
loop is truly measured by the deflexion of M. With such a 
sensitive instrument great precautions must be taken to screen 
it from thermal changes— it is enclosed in a wooden box— and 
one also notices that there are no outside leads which might cause 
an induced current in the circuit should they ‘ cut ’ the earth’s 
magnetic field [cf. p. 936 et seq.]. In fact, the current is detected 
without the aid of any additional galvanometer ! Moreover, with 
this instrument Boys experienced no trouble due to variations in 
the external magnetic field, as did Langley, and others, who used 
bolometers in conjunction with moving magnet galvanometers. 

The sensitivity of the above radiomicrometer is such that the 
radiant energy from a candle flame two miles away man? be detected. 



Fig. 48‘16. — ^Boys’ 
Radiomicrometer. 
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EXAMPLES XLvrn 

• 1.— Two wires of 3 and 4 olmis resistance respectively are joined to 
a battery of negligible resistance, first in parallel, and then in series. 
Calculate the ratio of the heats developed in the two systems. 

2. — A current of 4 amperes flows through a resistance of 6 ohms for 
3 mins. If the heat developed is sufficient to raise the temperature of 
600 gms. of liquid 7° C., calculate the specific heat of the liquid. 

3. — The poles of a battery are connected in turn to two wires of 5*2 
and 4*3 olims resistance respectively. The heats developed in the two 
wires are equal. Calculate the resistance of the battery. 

4. -— How would you show that the rate at which heat is developed in 
a conductor carrying a current is proportional to the square of the 
•current ? 

5. — How would you demonstrate the Seebeck and Peltier thermo- 
electric effects ? Describe how you would use a thermocouple to 
measure temperatures up to 1000® C. 

6. — Compare the heat generated in each of the four arms of a balanced 
Wheatstone bridge, if the resistances of those arms are 100, 10, 550, 
and 55 ohms respectively. 

7. — ^Derive an expression for the rate at which electrical energy is 
dissipated in a coil of wire of resistance R ohms carryng a steady 
current of I amperes. 

A battery, of e.m.f. 10 volt, and internal resistance 2 ohm., is con- 
nected in series with an adjustable resistance R. Plot a graph showing 
how the rat© of dissipation of energy in R varies with the value of R. 
What information is obtained from such a graph ? 

8. — Indicate by means of diagrams the modifications and additions 
required to use a simple potentiometer (a) to measure a current of 
about (i) O'l am|)., (ii) 2 amp., (iii) 10 amp.; (6) to measure the e.m.f. 
of a thermocouple. 

Give reasons why it is permissible to use a potentiometer to measure 
potential differences in an experiment to verify Ohm’s law for a metallic 
conductor but fallacious to use it to measure currents in the same 
experiment. 

9. — A tangent galvanometer and a coil of insulated resistance wire 
immersed in a calorimeter containing water are joined in series and 
a steady ciurent, which gives a deflexion of tan-^ 0*4 on the galvano- 
meter, is passed for 6 min. 68 sec. The temperature of the calorimeter 
and its contents rises from 15-80° C. (room temperatxire) to 22-51° C. 
while the current is passing and begins to fall at a rate 0-15 deg. 0. 
min. when the current is switched off. If the galvanometer has 
2 turns of wire of 15-7 cm. radius, Hq — 0-20 oersted and the calorimeter 
of thermab capacity 9*5 cal, deg.~^ C. contains 90-5 gm. of water, 
calculate a value for the resistance of the coil. Give a diagram of the 
electrical circuit and suggest any modifications which would lead to 
a more accurate result. 


CHAPTER XLIX 

ELEOTEOMAGNETIO INDUCTION 

Faraday’s Discovery of Electromagnetic Induction .—In 
18S1 Faraday discovered that induced currents were set up in a 
closed circuit whenever a current in a neighbouring circuit was 
made or broken, i.e. when there was a change in the number of 
lines of magnetic induction threading the closed circuit. For several 
years previous to this Faraday had failed to detect the presence 
of these currents, a fact due to the low sensitivity of the galvano- 
meter he used. From his published account of this work it appears 
that his first successful attempt was carried out on the following 

lines. About 200 feet of copper 
wire were coiled round a large 
block of wood ; a second long 
length of similar wire was then 
interposed as a spiral between 
the turns of the first coil, twine 
serving as an insulator. One 
spiral was connected to a galvano- 
meter and the other to a battery. 
When the battery circuit, the 
so-called primary circtntf was 
closed, ‘there was a sudden and 
very slight effect (deflexion) at the 
galvanometer ’ — ^i.e. there was an 
induced current of a transient 
nature produced in the galvanometer circuit— the so-called 
secondary circuit • There was also a similar effect, but in a con- 
trary sense when the primary current was broken. Faraday is 
very careful to emphasize the fact that the current in the 
secondary circuit is a transient one and that no current exists 
there when the current in the primary is fully established. 

The above results may be verified in the laboratory in the follow- 
ing manner. P, Fig. 49*1, is the primary coil eonneoted to a 
battery and a key K. Q is the secondary coil c(?nnected to a 
ballistio galvanometer G. It wall be found that when K is closed 

936 



Fig. 49‘1. — Faraday’s Discovery of 
Electromagnetic Induction. 
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there is se lEduced oErrent in the secondary cironit : also when 
the primary current is broken. Both these, .currents are of short 
duration but opposite in dkection, ■' It will also be noticed that, 
there is no current in the secondary circuit when that' in Pis fully 
established. If, however, the current in P is increased there is a 
transient current in Q — it is in the same direction as that established 
when the primary is first closed. ' If the primary current is reduced, 
an induced current in the opposite dhection is temporarily estab- 
lished in Q.. , 

Let us suppose that the cui'rent in P is such that to an observer 
at E it appears to flow in a clockwise direction. Then the lines of 
magnetic induction are as indicated. Then the current in Q, when 
that ill P is being estabhsbed, is such that it appears to flow in an 
anti-clockwise direction to an observer at E— the lines of magnetic 
induction are shown by the dotted curves. The induced current 
is such that it tends to maintain constant the number of lines of 
magnetic induction threading the primary coil — this is a general 
principle applicable to all induced currents. 

Faraday then modified his secondary circuit as follows — ^the 
galvanometer was replaced by a small hollow helix of copper wire 
wound on a glass tube. In this he inserted an unmagnetized steel 
needle, the primary circuit being open. The primary circuit was 
then closed, and on removing the steel needle it was found to be 
magnetized. This was further evidence that a current had been 
established in the secondary circuit. He varied the experiment 
by first establishing the primary current, then placing the needle 
in the helix, and afterwards breaking the primary circuit — ^tbe 
needle was again magnetized but with the direction of the magnetic 
axis reversed. 

Faraday also showed that if the secondary circuit was closed 
after the current in the primary had been established, or varied 
in any way, no effects were obtained. 

Further experiments on electromagnetic induction were as follows. 
Several feet of copper wire were stretched on a board in the form 
of a letter W. A similar wire was then erected on a second board, 
so that when the two were brought together there would have been 
contact at all points bad not a thick sheet of paper been interposed. 
One wire was connected to a battery and the other to a galvano- 
meter. On oausiug one circuit to approach the other a transient 
current was established in the galvanometer circuit— a transient 
current in the opposite direction was obtained when the distance 
between the two circuits was increased. 

In later experiments by Faraday a small permanent current was 
introduced li^to the galvanometer circuit — ^the deflexion being about 
30®. Transient currents, shown by the temporary excursion of the 
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needle j&om the above position, could be established by any of the 
methods he had previously described, but in all instances the needle 
returned to its standard position when the change in the primary 
current was complete. From all these experiments Faraday had 
not the least doubt concerning the true nature of the effect he had 
discovered, but states that he was not able to detect the presence 
of these currents by his tongue, by a heating effect, or by a chemical 
effect, Hhough the contacts with the metallic or other solution 
were made and broken alternately with those of the battery so 
that the second effect of induction should not oppose or neutralize 
the first.’ He surmised that failure in this respect was due to 
the brief duration and the feeble intensity of the induced current. 

Further Experiments on Electromagnetic Induction : Fara- 
day ‘ On the Evolution of Electricity from Magnetism.’— 
One part of a soft round iron ring — six inches in external 

diameter — of. Pig. 49*2 
—was covered with a 
helix, P, of copper wire, 
twine separating the 
coils in any one layer, 
and calico separating 
one layer from the next. 
A second helix, S, was 
wound on the other 
portion of the ring. P 
was connected to a 
battery, B, and S to a 
galvanometer, G. When the current in P was established the 
galvanometer was immediately affected ' to a degree far beyond 
what has been described when the helices without an iron core 
were used, but although the current in the primary was continued, . 
the effect was not permanent, for the needle soon came to rest in 
its natural position, as if quite indifferent to the attached electro- 
magnet.’ When the primary current was broken, the needle was 
deflected in the opposite direction. 

Faraday continues by saying that if matters were arranged so 
that the direction of the primary current was reversed, the induced 
currents were contrary in direction to those obtained above, in fact 
he writes, ‘ hut the deflexion on breaking the battery circuit was 
always the reverse of that produced by completing it.’ 

Similar effects were then produced by using ordinary magnets. 
Among the various experiments carried out by Faraday in this 
connexion, only the following will be described. A copper helix 
was wound on a pasteboard cylinder, 8-5 in. long and 0*75 in. in 
diameter. This coil was connected to a galvanometer. On intro- 
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ducing a cylindrical magn^^ the Mix— cf. Pig, 49 ‘S— the 
galvanometer needle being stationary, the needle was deflected, 
but having been thus introduced, the needle returned to its zero 
position. When the mag- 
net was withdrawn the - 

deflexion was in the oppo- ■ 

site direction. ^ 

In the above experiment ^ 

the magnet must not be -^14^4^44 4 44^444^ 

passed entirely through the ^ ^ ^ 

helix for a second action „ 
then oo.«». Wien the 

magnet is introduced the of a Bar Magnet near to a Closed Coil 
galvanometer needle ex- 
hibits a certain deflexion, but, being in, a deflexion in a direction 
contrary to that obtained initially occurs when the magnet is 
withdrawn, or if it is pushed right through the helix. If the 
magnet is passed right through in one continuous movement, the 
needle moves one way, is stopped, and finally moves the other way.^ 
The above experiment may be repeated using the apparatus 
shown in Pig. 49*4 (a). The diagram also shows the direction of 


Fia. 49*3. — ^Faraday’s Apparatus for Pro- 
ducing Induced Currents by the Motion 
of a Bar Magnet near to a Closed Coil 


(a) (b) 

Fig. 49*4. — Induced Currents Produced by the Motion of a Bar Magnet near 
to a Closed Coil. 


the lines of magnetic induction due to the magnet NS and also 
the lines of magnetic induction due to the induced current when 
NS approaches the coil. The direction of the induced current is 
such that the number of lines of induction threading the coil tends 
to remain constant. Pig. 49*4 (6) shows the direction of the induced 
current and its associated lines of magnetic induction when NS is 
being drawn away from the coil. 

■Experiment.-— Fig, 49?5 (a) represents schematically an apparatus 
by means of which the production of induced ctirrents is strikingly 
shown. A is a closely wound coil consisting of about twelve turns of 


^ If a magnet is passed very rapidly through a coil connected to a galvano- 
meter, no deflexion is obtained — the two effects associated with the entrance 
and exit of the r^agnet are over before the magnet (or coil) of the galvanometer 
has had time to move. The two impulses received are equal and opposite, 
and the galvanometer does not respond. 
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liMek copper wire* The coil is ; about 1*5 cm. in diameter. Its ends 
: ■ dip into mercury cups, B, and C. A 

jinMnnhlU ® second similar coil, L, with its axis at 
^ y uUuUyy angles to the plane of the diagram 

and its ends dipping into the same 
jy __ mercury cups is supported by a _gla^ 

rod, D, resting on two' other rods, F 
These are normal to D so 

^ suspended coil is free to 

^ " oscillate in a plane at right angles to 

the diagram. To increase the inertia 
of the moving system a lead weight, 
cm. K, may be placed on top of the lower 

A j coil, a piece of cardboard serving to 

J, prevent the coils from being short™ 

circuited. M is a cobalt steel magnet 
placed as shown. When the coil L is 
caused to swing there is a change in 
the number of lines of magnetic in- 
duction linked with it, so that an 
L 00 induced e™t is produced in the 

XJJJXXJU^ M coils which form a closed circuit. 

. Since these consist of thick copper 

Fia.^49-5.--~E^erimeiit on wires their resistance is small and the 

Induce mren s. current large, so that a smaU magnetic 

needle, N, placed near the upper coil 
oscillates with a period of swing equal to that of L. 

Magnetic Flux. — ^If is the normal component of the mag- 
netic induction at every point of an area A, then B^A is the fim 
of magnetic induction [or the magnetic flux] across that area, 
and is denoted by 0. If is the permeability of the medium, 
B,i == /^H„, where is the normal component of the magnetic 

intensity. Hence, if the medium is air [strictly, a vacuum], the 
flux is HjjA, since the permeability of air is unity. 

If the magnetic induction is not uniform, the flux is given by 
dS, where the integral extends over the area in question. The 
unit of magnetic flux is the maxwell. 

Magnetic Flux across a Closed Boundary due to an Isolated 
Foie. — Let a magnetic pole of strength m he situated at 0, Fig. 


Fm. 49-5. — Experiment on 
Induced Cmrents. 



Fig. 49*6. 
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49*6 {a) and suppose tliat F is the closed boundary of a surface 
across which the , flux is to be evaluated. - Consider any small 
element dS of the surface — enlarged in Eig. 49-6 (5)— -r being the 
distance of any point in this element from 0. Let AM be the 
projection of AC on a plane through A normal to OP. Let the 
normal to the element make an angle a with the direction of the 
magnetic induction B. Then 

Bn = B COS a = “ 5 . cos a. 

/. B„.5S = ^.cos a.dS = m.dm, [•/ AM = AC. cos a] 

where is the solid angle <5S subtends at O. 

// j*Bjj.dS = Jm. dm === mco, 

where m is the solid angle which the boundary F subtends at 0. 
If the surface surrounds the magnetic pole,m, comj)letely, m = 4:^:, 
so that 0 = 4:mn, 

Magnetic Flux and Linkages. — The flux through a boundary 

has already been defined as Jb^.cIS. When the circuit consists 

of N turns, very close together, the flux through each is the same, 

but the effective flux is N|B,j.dS. Tliis is denoted by N0, or W, 

and is called the number of linkages associated with the circuit ; 
it is expressed in maxwell-turns* 

Lena’s Law.— The facts stated previously with regard to the 
production of induced currents were summarized by Lnxz in a 
law bearing his name. As modified by Maxwell, it may be stated 
as follows : The e.m fl induced in a circuit, when a magnet 
moves in its neighbourhood or the current in an adjacent 
circuit varies, tends to produce a current, the magnetic fleld 
due to which opposes any change in the value of the magnetic 
flux linked with that circuit, 

Lenz’s law may also be expressed as follows : When the mag- 
netic flux linked with a closed circuit is changing, there is 
set up in the circuit a current which tends to keep constant 
the magnetic flux linked with it, 

, Fleming’s Right-hand Rule.— When a conductor moves in a 
magnetic field the directions of the motion, the field, and the 
induced e.m.f. are given hy the following statement due to 
E^EMixa I/, thumb and first two fingers of the right 
hand are spread out so that they point in three directions at 
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right angles to one another, the First finger giving the direction 
of the magnetic Field, the thumb indicating the direction of 
the Motion of the conductor, then the second finger indicates 
the direction of the induced e.mf. — cf. Fig. 49-7 (a). 


(7st. Finder) 
Direction of Field 

Direciion of Motion 

of Conductor 




lines of Magnetic Induction 
due to Induced Current 
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(c) 


[Strictly speaking, this rale is only applicable when the magnetic 
field is normal to the plane in which the displacement occurs. 
When it is not, the first finger must point in the direction of the 
component of the field normal to the plane in which the conductor 
moves.] 

Fleming’s Right-hand Rule deduced from Lenz’s Law.— 
Let PQRS, Fig. 49-7 (6), be a system of long wires, connected as 
indicated, and lying in a plane normal to the lines of magnetic 
induction in the medium. Let XY be a conductor bridging the 
arms of the above system. Suppose XY moves to the right. 
Then there is a tendency for the flux of magnetic induction through 
the closed circuit XQEY to increase. The induced current, by 
Lenz’s law, will be such that the magnetic flux due to it tends to 
prevent the above increase, i.e. the lines of induction [magnetic 
intensity if the system is in a vacuum] will be downwards [dotted 
in the diagram]. The current in XY must therefore flow from 
X to Y— cf. Fig. 49*7 (c). This direction coincides with that 
expressed by Fleming’s right-hand rule. 

Faraday’s Law of Electromagnetic Inductions. — ^Faraday, 
by 1831, had established experimentally the conditions under which 
electromagnetic induction occurs. In 1845 Neumann expressed 
the results of Faraday’s work by means of a formula giving the 
magnitude of the induced e.m.f. In words, it states that the e.m.f. 
in a circuit is equal to the rate at which the number of linkages, NcP, 
associated with that circuit is diminishing. Faraday’s law, as 
given by Neumann, is 




■ dt’ 


where e is the induced e.m.f. 
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Dediictioii of Faraday’s Law from the Principle of the 
Coiiser¥atioii of Energy* — Helmholtz, and a little later 'Kelvin, 
showed that Faraday’s law was a direct consequence of the principle 
of the conservation of energy. Their work appeared about 1850. 
Let us suppose that a single magnetic pole, of strength lies at a 
pouit 0 on the north side of a closed circuit of one turn in which 
there is a current % (e.m.u)— cf. Fig. 49-8 (a). If ca is the solid angle 
subtended at 0 by the periphery of the circuit, then the magnetic 
potential at 0 is im [cf. p. 813 et seq.]. This, of course, means that 
im is the work done in bringing a unit pole from hifinity to 0. 
Consequently the work done in brhiging up a pole m from infinity 
to 0 to mko, and this is the potential energy of the system. Now 
the flux, 0, through the circuit is nrn [cf. p. 941]. 

Suppose that the pole m is moved in time dt to a point such that 
m becomes co + dco. The -work done on the pole is the increase in 

i 


the potential energy of the system, viz. mLdco ; the rate at which 

work is done is therefore As the pole moves, let the current 

in the circuit be mamtamed constant by increasing the e.m.f. of 
the generator from E to (E + a). The additional rate of supply of 
energy from the generator is si. By the principle of the conserva- 
tion of energy we have, therefore, 


, dco 


dcD d0 
'^dt dt^ 


where 0 = mo), the magnetic flux. The electromotive force of 
induction, e, which is equal and opposite to E, is therefore equal 
d0 

to Further, if there are N turns in the circuit, the above 

at 

e.m.f. will be induced in each of the N turns, so that 

Induced e.m.f. = e = — N^ = — 

dt dt 

where W = N^, the effective flux or number of linkages associated 
with the circuit. 
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It will be observed that the induced e.m.f. is independent of i, 
and therefore has the same value when i = 0, i.e. when the initial 
current is zero. 

The above analysis applies when the ehcuit is fixed and the 
magnetic field is changing. Now let us consider the instance of a 
constant field and a moving circuit. To make the analysis as 
simple as possible we shall assume that the circuit is a plane one 
and that the magnetic field is normal to this plane at ah points. 
Moreover, the field will be m air, so that B = H, the magnetic 
intensity. Let XY, Fig. 49*8 (6), be a light conductor of length I 
bridgmg the arms of a circuit in wliich there is a cell of e.m.f. e© 
(e.m.u). The mechanical force, F, on the we is UK acting in the 
direction shown. Suppose that this force causes the wire to move 
to X^Yi, a distance dx in time <5^. The work done by the cell in 
effecting this displacement is 

F.(3a; = UK.dx. 

Now in time 6t, the energy supplied by the ceU is eQi.dt, and 
if r is the resistance (e.m.u) of the circuit the heat generated therein 
is ih\dt (in work units). By the principle of the conservation of 
energy 

egi.dt = + UK,dXj 

rrr dx 

so that i == — 


* dt Cq — IKv 


where V is the velocity with wliich XY is moving. [If the circuit 
lies in a medium of permeability H must be replaced by B, the 
magnetic induction.] 

In other words, in addition to the electromotive force of the cell 
there is an additional e.m.f. equal to — TKvj which is minus the 
rate at which the flux through the chcuit is increasmg. In this 
instance flux = number of linkages, so that again we may write 

dW 
~ dt' 

If the movhig conductor is not part of a circuit with finite resist- 
ance and it moves across a magnetic field as above, there will be 
a potential difference — IKv between its ends. To establish this, 
let r be the resistance of the moving conductor and suppose its 
ends are joined to a high resistance The current in the circuit 
d 

wifi be — ; 77 (N 0 ) -t- (r + r^), so that the potential difference across 


IS 


dt r-i 


7i -p r 

This establishes the proposition. 


= — 4:(N0), if -»,00. 
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Note on Units.' — ^Tlie expression e =, — ^(N0) = — gives 

the induced e.mS. in e.m.u. To obtain the value in volts, the 
expression must be multiplied' bj 10 ""^'[g^- P- 841]. 

. An inspection of the diagrams shows that the direction of the 
induced e.ni.f. is correctly expressed b}?' Fleming’s right-hand rule. 

The Quantity of Electricity that hows round a Circuit 
when the Effective Magnetic Flux linked with a Circuit 
changes. — It has Just been shown that if the effective magnetic 

dW 

flux liiilved mth.a circuit is changmg at a rate there is an 


gives 


induced e.m.f. in the ch'ciiit equal to 


If r is the resistance 


of the circuit [in e.m.u. of resistance], the induced cuinent will 
be given by 

^ r r dt' 

The quantity of electricity set in motion in time dt is i.dt = dq, 
say. Hence 


dim) 


When W is the total change in the effective flux of magnetic induc- 
tion hnked with a chcuit and this change occurs in a time t, we 
may imaghie this interval divided up into a large number of small 
intervals, li dWj. is the change in IF in the /{;-th interval the 

dWh 

corresponding quantity of electricity which passes is qj^ = 

Hence q, the total charge of electricity which passes in the time t 
is expressed by 


Alternatively, the total quantity of electricity set in motion when 
the number of linkages changes from ¥i to is given by 

[These expressions are only valid if e.m.u. are used. If r is in 
ohms, it mutst be remembered that 1 ohm = 10® e.m.u. of 
resistance.] 
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Tlie above expressions for q show that tbe total quantity of 
electricity induced is independent of the rate at which the linkages 
change, but inversely proportional to the resistance of the circuit. 
Moreover, if this quantity is to bo measured with the aid of a 
ballistic galvanometer the change must be completed before the 
suspended magnet (or coil) of the galvanometer has moved from 
its zero position. 

The Production of a Continuous Current (d.c.) by means 
of Electromagnetic Induction. — ^Faraday placed a copper plate 
or disc A, Eig. 49*9 (a), capable of rotation about a horizontal axis, 
so that a portion lay between the poles of a strong magnet. The 
rim of the disc and its axle were well amalgamated so that there 
was good metallic contact between these parts and copper wires 



Pig. 49-9. 

{a) Production of d.c, by means of a Eotating Diso. 

(&) Disc Rotating at Right Angles to a Magnetic Field. 


leading from them to an astatic galvanometer. When the disc was 
stationary ‘ the galvanometer exhibited no effect. But the instant 
the plate moved, the galvanometer was inffuenced, and by revolving 
the plate A quickly the needle could be deflected 90® or more. Here, 
therefore, was demonstrated the production of a permanent current 
of electricity by ordinary magnets.’ When the direction of the 
disc’s rotation was reversed the current was also reversed. This 
was a very important experiment for Faraday had really made the 
Gist dynamo. 

In 1832 Faraday modified the above experiment by dispensing 
with the magnet, NS, and using the earth’s magnetic field. The 
disc was rotated in a plane perpendicular to the direction of the 
total magnetic intensity and Faraday detected the induced current. 

To follow the production of this current more closely, let A, 
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Kg. 49*9 (6)s ^ circular metal rim of negligible resistance. Sup- 

pose that a ■ spoke/ B, of length r, revolves with uniform angular 
velocity, m, about an axis normal to the plane of the rim and passing 
through its centre. Let the free end of the spoke be in contact ' 
with the rim. Suppose that there is a uniform magnetic field, H, 
normal to the plane of the rim . Let C i and C 2 be two brush contacts 
connected to a galvanometer G. If the spoke rotates with uniform 
angular velocity co, the increase in linkages through the closed 
circuit comprising the spoke, a portion of the rim, the galvanometer, 
and the leads to it, is, in time I, 

HCir^o) . 0 = ¥^(say). 

[H is numerically equal to the magnetic induction , B, if the disc 
is in air,] 

dW « 

^ — aHr CO. 

If the disc makes N revolutions per second, o) = 2:7i:N, and 
^ = NH(jrr2) = NHA, 

where A is the area of the disc. The magnitude of the induced 
e.mi. is therefore expressed by 

j e j z= NBA e.m.u. of potential difference, 
or |El = NHA X 10-8 volt. 

In practice there is no difference between the above and a solid 
disc revolvnig with its plane normal to the magnetic field H. 

dW 

A Quantitative Study of Faraday’s Law e == — — . — A 

long solenoid, carrying a steady current, is placed normal to the 
magnetic meridian. At its centre there is a co|)per disc C, Fig. 
49*10, rotating about a horizontal axis OiOg. The plane of G lies 



Fig. 49-10. 

in the meridian and its area is A. Copper brushes touch the 
periphery and axle of C and are eoimected to a known resistor R 
and microammeter G. 

If H is the magnetic field due to the current in the solenoid, A 

I.P. L L 
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the area of the disc, w the number of revolutions per second, it has 
been shown above that 

1E| = mHA X 10-8 TOlt. 


1 = 


wHA X 10-8 


R R 

where E; denotes the total resistance of the circuit. If for different 
values of n, II, and R, this agrees with the current indicated by G, 
dW 

the expression [E| = ^ X volt., will have been verified. 

Cut 

Some Calculations Based on Lenz's Law. — (i) A copper disc 
20 cm. m diameter rotates about an axis in a plane normal to Hq, the 
horizontal component of the earth’s magnetic field. If the disc makes 
5 revolutions per second, calculate the p.d. between the axle and the 
periphery of the disc. 

From the above theory 

1 E 1 =5 X 0*18 X u X 10® X 10~® volt 
- 2*8 X 10“-« volt. 

(ii) A vertical copper rod 50 cm. long moves in a plane normal to 
H and from east to west with a velocity of 100 Km.hr. What is the 
p.d, between the ends of the rod I 

An application of the right-hand rule shows that the potential is 
greatest at the upper end of the rod. 

Now in 1 sec. the conductor sweeps out an area 
50 X 10» 

3600 • 

Since Hg = 0*18 oersted (this is numerically equal to the magnetic 
induction if we suppose the motion is in air), 


nEAx 10-^ 


fiA, 


e.m.f. == • 


60 X 10« 


3600 


X 0*18 X 10-® = 2*5 X 10~® volt. 


Eddy Corrects. — Currents are not only induced in closed wire 
circuits when the number of Hnes of magnetic induction thi-eading 
them varies but also in any conducting material placed in a varying 
magnetic field. These are termed eddy currents. These currents 
are frequently the source of much trouble in metal apparatus placed 
in a varying magnetic field. They may cause the metal to become 
very hot. This may be avoided to a great extent by building up the 
apparatus from flat metal strips insulated from one another so that 
the currents are reduced in magnitude. 

In recent years advantage has been taken of these eddy currents 
to melt metals. The specimen is placed in a magnetic field which may 
pass thi'ough from 2000 to 10*^ cycles per second. The field of lower 
frequency is produced mechanically while the latter is obtained 
with the aid of a thermionic valve. Not only does the melting take 
place rapidly, but alloys hitherto unobtainable may be prepared by 
placing the constituent metals in a high vacuum. Under such 
conditions the metals do not oxidize and an alloy may be formed. 
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ExpeHment an aluminiiim ring over a solenoid throngh 

whicii.an alternating enrrent is passing. If the ring is free to move 
it is thrown violently off — if it is fixed it becomes considerably heated. 

Experiment (IIJ.— Suspend a copper 
disc between .the poles of an electro- 
magnet. Wlien the magnet is excited / 
the disc may only be moved with diffi- / n ^ Af\ 

culty and one experiences the sensation j ' 
of forcing the disc through a very viscous 
medium. If the disc moves downwards \ 
as indicated in Fig. 49*11, the currents, \ ' U /// w 

produced have the directions indicated. * 

The magnetic fields associated with these 

axe such that they oppose the ca^e 49.11.— Eddy Currents 

producing them, i.e. they are such tliat produced in a Metal Disc 

the electromagnet tends to check the moving in a Magnetic 

motion of the disc. Field. 

Experiment filg).— Allow a magnetized 
needle to oscillate in turn over a glass sheet and then over a sheet of 
copper. The oscillations die away more rapidly in the second instance 
owing to the eddy currents induced in the metal. 

Arago's Disc. — ^The last experiment is due to Aeago who is also 
responsible for the following : — copper disc, Fig. 49*12 (a) 
situated below a magnetized needle NS, was made to rotate rapidly 
about a vertical axis through its centre. The disc was placed in 
a box so that the needle was screened from air currents caused by 
the motion of the disc. The needle was mounted on a pivot fixed 
to the glass lid of the box. On rotating the copper disc the magnet 
was deflected from its zero position and tended to move in the 


Fiu. 49*11. — ^Eddy Currents 
pi’oduced in a Metal Disc 
moving in a Magnetic 
Field. 


direction of rotation of the disc : if the speed of the latter were 
increased sufficiently the needle rotated continuously. The motion 
of the needle was caused by the eddy currents produced in the 
disc. These are shown in Fig. 49*12 (6). Now the magnet NS 
was acted upon by a couple due to its presence in the horizontal 
magnetic field of the earth and by a couple due to the magnetic 
field caused by the induced currents in the copper plate. For 
continuous rofation of the needle this latter couple must be greater 
than the former, i.e. the plate must be given a high angular velocity. 
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If tlie angular velocity were below a certain critical value, the needle 
was only deflected from its standard position and did not rotate 
continuously. 

Aiago first carried out this experiment in 1825, i.e. before Faraday 
had discovered how to induce currents in a circuit. Faraday gave 
the correct explanation. 

As a modification of this experiment, the copper disc may be spun 
about an axis normal to its plane and passing through its centre, 
between the poles of the electromagnet : when the magnet is not 
excited the disc spins easily, but it can only be made to revolve with 
difficulty when the field is present. This is because the eddy currents 
in the disc tend to stop its motion and if the disc is made to rotate 
its temperature increases considerably. 

Method Adopted to DiminishEddy Currents.— Fig. 49*13 (a) 
shows an apparatus devised by Wajdtenhofeit. It is essentially 
a pendulum and a strong electromagnet. The former consists of a 
copper plate supported so that it may move in a plane between 
the poles of the magnet. When this is not excited the pendulum 
swings freely after being displaced. If, however, a field of about 
2000 oersted is established between the poles the motion of the plate 
is very highly damped — ^in fact it may be dead-beat. Suppose now 
that a similar plate of copper is cut up into thin strips and that 



Fig. 49*13. — Waltenhofen’s Pendulum. 


these, mounted in a wooden frame [cf. Fig. 49*12 (6)], are supported 
as before. The motion of the pendulum is less damped, i.e. the 
formation of large eddy currents has been prevented. 

Similarly, if an iron rod forms the core of a solenoid carrying 
alternating current, the iron is rapidly heated ; when the core con- 
sists of sheets of iron, insulated from one another by paper, the 
heating effect is diminished. [The solenoid should be made from 
thick copper wire to diminish the Joule effect in it, and the frequency 
of the current high to increase the magnitude of the eddy currents.] 
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The Earth Inductor . — ^Wlien a closed coil is rotated in a magnetic 
field .there, is a continuous change in the number of magnetic lines of, 
induction linked with it, so that a current flows in it. This ciuTent 
only lasts whilst the coil is moving and varies from one instant to the 
next. 

Theory . — Let A b© the ©fiective area of the rotating coil, i.e. the 
area of each turn times the number of coils if they are all equal, or 
the sum of the areas of all the turns if they are unequal, and let this 
coil make an angle 0 with a direction at right angles to that of a uniform 
field H — cf . Fig. 49*14 (a). Then the number of linkages through the coil 


. si 

1 


/ 


^ 




^ ^ 1 F ^ ^ 

0) (c) 

Fia. 49*14. — Principle of an Earth Inductor. 

= T*. The instantaneous value of the e.m.f. is therefore 


is HA cos 0 = T*. The instantaneous value of the e.m.f. is therefore 

dW d d 

— — — (HAcos0) = — HA^(cos0). If r is the resistance in 

e.m.u. of the circuit [the coil and detecting galvanometer, etc.], the 
instantaneous current is 

The quantity of electricity flowing in time dt is 

HA 

% ,dt ^d(cos 0). 

To determine the quantity of electricity, q, passing as the coil is 
rotated throughhalf a complete turn from a position at right angles 
to H w© must integrate the above expression from 0 = 0 to 0 *= jr, i.e. 


""^.^(008 0) 

0 ^ ^ 


If O' is the throw of the ballistic galvanometer when the coil is rotated 
as above, 

2AH „ Kar 

— orH=-^ 

where K is the reduction factor for the galvanometer. 

To determine the direction of the induced current when the 
rotating coil is in the position shown in Fig. 49*14 (5), Lenz’s law 
may be appHed. Now the magnetic flux through the coil at this 
instant is decreasing, so that, by the above law, the induced current 



9m MAGMSTISM' AMD ILECTRIGIT^^ 


must be siicb that it tends to increase the flux. The current will' 
therefore be as shown. 

the coil is as in Fig. 49*14 (c), the flux through- it will be 
increasing; the induced current will tend ' to ' diminish this flux 
and therefore be as shown. [These directions may also be deter- 
mined by Fleming’s right-hand rule.] 

Measurement of the Earth’s Magnetic Field. — ^The earth 
inductor provides us with a ready means of measuring the dip 
at a point on the earth’s surface. The coil is connected to a ballistic 
galvanometer [and a series resistance if necessary to limit the throw] 
and placed with its plane at right angles to the earth’s horizontal 
field. The coil is rapidly rotated through half a complete turn and 
the throw Oi observed. The coil is then placed so that it is hori- 
zontal and the throw o '2 noted. If <f> is the angle of dip, we have 


tan^ = 


2A 


fcUiR 

■2A 


at 


The determination of the actual values of and is a little 
more difficult since another equation containing k and R must be 
obtained. A long solenoid, P, Fig. 49*15, is connected through a 
reversing key, K, to a battery, 0, an ammeter, A, and an adjustable 
resistance. Over the centre of P there is wound 
a coil, S, of many turns of fine wire which is con- 
nected to the earth inductor El and ballistic 
galvanometer, G. The galvanometer kick when 
the inductor is rotated in the usual manner is 
first obtained, and we have, if Ho is being 
measured, 

KaiT 



Ho^ 


2A 


(I) 


The current in the primary is then established 
and adjusted until when it is reversed there is a 
galvanometer throw approximately equal to ai* 
Let it be a^. This throw is due to the fact that 
there is linked with each turn of the secondary 
^nia lines of magnetic induction, where a is the 
area of one turn— generally taken to he equal to 
that of the primary on which it is wound— and 
4:7cni is the field due to the current fin the 
primary which has n turns per unit length. When 
the current is reversed Snnia is the change in the 
magnetic linkage with each turn of the secondary. 
If there are N turns in the secondary, the quantity of electricity 

passing through the galvanometer is = /ccrg. . . , (2) 


Pig. 49-15. — 
Measurement 
of Ho and Hv 
with the aid 
of an Earth 
Inductor. 
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' From equations. 1 and 2 we have 

•a- a I __ 25i^NIa ^ 

° " A ’ 02~ oA *02 

where the currentj I, is measured in amperes. 

Similarly may be found. 

Previously we have measured magnetic fields with the aid of 
magnets oscillating in them. The method just described possesses 
several advantages : — (a) Fields of all magnitudes may be measured, 
for if they are weak the galvanometer throw may be increased by 
using coils with a large effective area, whilst if they are strong this area 
must be reduced ; (b) with oscillating or deflecting magnets only 
the horizontal component of a field may be measured but the electro- 
magnetic method enables the field in any direction to be measured. 

Alternating Currents of Sine Wave-Form.—It has been 
shown that the current in an earth inductor at any instant is given 

bv ^ == — (cos 6), i.e. — — sin cot, where co is the angular 

r at T 

velocity of the coil and i the time measured from that instant 
when the coil passes through a position at right angles to the field. 
The current will therefore be zero when cot = 0, and reach its 

maximum value when cot is 7r/2, i.e. when the coil is parallel 


to the field. The frequency of the current is / = 


: The expres- 


sion for. the current, which is termed an alternating-current 

may therefore be "written i = . sin 27ifL The quantity 2nf is 

denoted by m. [To measure the frequency of an a.c. supply, 
cf. p. 622.] 

The above expression for the instantaneous value of the current 
may be written i =: 1 sin mt, where t is the maximum value of the 
current, and co = 2 : 7 ^/. K the time is measured from the instant 
when the coil makes an angle ifs with the lines of induction, the ‘ t ’ 
in the above formula must be increased by the time required for 

the coil to rotate through an angle ifj, viz. Then 


i =1 sin CO A + 

\ 


= 1 sin {cot + ^). 


The angle ^ is termed the initial phase of the current. Alternating 
currents may also be represented by i = 1 cos (cot — is then 

initial phase, 

Measurefneiit of Alternating Currents 
meters cannot be used to 



it^h vacuum 
enclosure 


To a.c. 
circuit 


Hi^h Resistance 
Galvanometer 

Fig. 49-16. 
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moment of inertia of the coil about its axis of suspension is too 
large for the coil to follow the variations in current. Use must 
therefore be made of some effect which is independent of the 
direction of the current. The heating effect, being proportional 
to the square of the current, fulfils this condition and may therefore 
be used to measure alternating currents. The instrument must 
be calibrated by using direct currents of known value. 

Let ^ = 1 cos(a)^ — • 4>) be the instantaneous value of the current 
flowing through a resistance R. Then in time, the heat, 5H, 
produced is given by 

In a cycle of period T, where coT = 2:jz, the heat generated will be 

J.H = = R(l)^r cos {a)t - cj>).dt 

Jo Jo 


= R(l)^f ~ 

JoL 


'^ri + cos 2{(at - <f>) 


'Idt = iR(l)a 


Thus the heating effect is the same as if a direct current of value 

t 

passed through R. This is called the root-mean-^square 

(r.m,s,) current equivalent to the alternatmg current of maximum 
amplitude 1 , The r.m.s. current is denoted by I and is given by 

1 


The principle of a hot-wire ammeter has already been described 

[cf. p. 918], In general 
the whole of the current 
to be measured is not 
passed through the hot- 
wire : a shunt is used. By 
removing the shunt and 
placing a high resistance 
in series with the wire, the 
iastrument becomes a volt- 
meter, suitable for use on 
a.c. circuits. 

Very small alternating 
currents cannot be meas- 
ured with an instrument 
of the type just indicated. 
A so-called vacuum-junc- 
tion must be Used — ^it is of 
special value when the frequency of the a.c. is high. It consists 


a.c. 


cjpcuit 


I 
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of a tliermocouple BCE, Fig. 49*16, witli one junction C in close 
proximity to a fine wire carrying tlie current to be measured : 
it is insulated electrically from it. The junction and' the hot wire 
are enclosed in a highly exhausted glass bulb, R, which preTents 
loss of heat by conduction and convection and so increases the 
sensitivity of the arrangement. The thermocouple is in series 
with a sensitive galvanometer, G, whose deflexion is observed. 
This deflexion is interpreted in terms of the initial value of the 
current by standardizing the instrument with small ■direct currents 
of laiown magnitude. 

A Simple Test for Alternating Current. — ^If it is necessary to 
discover the natee of the current in the mains a very simple test is 
as follows : — a carbon filament lamp is connected to the mains and 
held between the poles of a horse-shoe magnet. If the current is 
alternating the filament oscillates very rapidly [if the magnet — ^i.e. 
field — is strong the filament may be fractured]. No such oscillatory 
movement is observed if direct current is used to light the lamp, 

Faraday's Dynamo. — ^The simplest dynamo, a machine for the 
conversion of mechanical energy into electrical energy, for the pro- 
duction of direct current was first described by Faraday— it con- 
sisted of a copper wheel rotating in a uniform magnetic field normal 
to its plane and parallel to the axis of rotation. The apparatus 
and method have already been mentioned [cf. p. 946], but it suffers 
from the disadvantage that only small potential differences can be 
obtained at speeds which are practically possible. 

The Principle of an Alternator. — coil, PQES, Fig. 49*17 (a), 
normal to a uniform magnetic field rotates about its horizontal 
axis with constant angular velocity. The ends of the coil are 
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joined to two metal rings each tonching a carbon ‘brash/ i.e. a 
carbon plate against which the ring slides. It has already been 
shown that the instantaneous value of the e.m.f. in this circuit is 
given by 

— HA- 7 , cos d == HAct) sin 6, since co = 57 . 
dt di 

The e.m.f. therefore alternates between extreme values + HAco 
and — HAct), and becomes zero twice in each complete revolution 
of the coil. Such an e.m.f. is termed an alternating one — ^it is 
represented by the sine curve shown in Fig. 49T7 ( 6 ). The direction 
of the current at any instant is determined by applying Lena’s law 
[cf. p. 941], or the right-hand rule. When PQRS is parallel 
to the field, the induced current flows from P to Q in PQ — cf. 
Fig. 49*14 (c) I but when PQ occupies the position now occupied 
by SR, the current in it will be from Q to P, i.e. the current is an 
alternating one. 

Tj and Tg are terminals by means of which the potentials at 
the brushes may be applied to an external circuit in which an 
alternating current then flows. 

Rectification of an a.c. : The Generation of a d.c. from 
an a.c. — In order to produce a direct current from the alternating 
current obtained with the above apparatus a split commutator is 



Fia. 49*18.— “d.c. produced by Rectifying a.c. 


used. This is shown in rig.49-18 (a), and the apparatus is then 
known as a dynamo for the production of direct current. The 
carbon brushes and B 2 are alternately in contact with the 
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■seetiom C and D of tlie split commutator as the latter revolTes. 
The brushes are so placed that, at the mstant when^ the e.m.f. is 
.changing its sign D leaves and makes contact with The 
current in, the external circuit therefore flows in the same direction' 
always, but it becomes zero twice in each revolution of the armature. 
Such a current is said to pulsate or to have a ‘ ripple ’ — ^it is repre- 
sented graphically in Fig. 49*18 (5), These ripples may be smoothed 
by using a number of coils .and a commutator with twice that 
number of segments. Fig. 49*18 (c) shows how two such coils may 
be arranged. It will be seen that the brushes are only in contact 
with two opposite segments in turn while the e.m.f. is in the neigh- 
bourhood of its maximum value, i.e. only the upper portions of 
the e.m.£. curves are effective. Fig. 49*18 (d) shows how the 
voltage across the terminals varies with the time. 

Further Remarks about Dynamos. — ^Figs. 49*19 (a) and (b) 
show arrangements for the production of a.c. and d.c. respectively 
by rotating a coil in a magnetic field. The e.m.fs. will be greater 
than those obtainable with the simple dynamos hitherto considered, 
since the fields in which the coils rotate are increased by the use of 
permanent magnets as shown. But the field is no longer uniform, 
so that a steady rotation of the coil no longer produces an alternating 
current having a sine wave-form. 

In actual machines the field in which the armature rotates 
is provided by a large electromagnet, excited by the current from 




Fig. 49*19.— Production of a.c. [non sine wave-form] and d.c. 

the dynamo itself. When a dynamo is started up there is usually 
sufficient magnetism remaining in the magnet for a small current 
to be produced. If this current or a portion of it is allowed to 
flow through the coils of the electromagnet, the magnetic field 
increases. When the whole of the current generated flows through 
the coils of the electromagnet the machine is said to be. series, 
wound. When 'only a portion of the current is used to excite 
the electromagnet the machine is termed a shunt'-wound 
d 3 mamo— of. Fig. 49*20. ' The current from a series- wound 
d 3 mamo vaties. considerably with the type of external circuit to 
which it is connected. If the resistance in this circuit is increased, 
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increase the output it is necessary to use iron to increase the varia- 
tion of magnetic flux through the rotating coil. Only the essential 
features of one such arrangement, due to Geamme, will be mentioned. 
A circular iron ring is placed between the semi-cylindrical pole 
pieces of an electromagnet N and S, Pig. 49*2i (a). The lines of 
magnetic induction tend to pass through the iron ring as shown. 


the magnetic field is reduced since the exciting current is reduced. 
With a shunt- wound dynamo, however, an increase in the resistance 
of the external circuit causes a larger fraction of the current to 
pass round the magnet’s coils ; this in- 
creases the field so that the current 
from such a machine tends to remain 
constant. 

The output from either type of machine 
is limited by the power available for driv- 
ing it, for we must remember that as the 
current increases an augmented effort is 
necessary to turn the armature. This is 
due to the fact that the induced cur- 
rents are in such a direction that they 
tend to stop the motion. 

The potential difference between the 
brushes of a shunt- wound dynamo when 
the load is continually changing — as in a 
lighting circuit — changes slightly but nevertheless sufficiently to 
render this machine unsuitable for purpose of lighting. The defect is 
remedied by using a compound- wound dynamo, i.e. a shunt- wound 
machine in which a few series windings have been introduced. 

The Gramme Armature , — ^The arrangements hitherto described 
for the conversion of mechanical energy into electrical energy have 
been chosen on account of their simplicity . The currents produced 
are very weak : they could be increased by augmenting the angular 
velocity of the armature but in practice this is impossible, partly 
on account of excessive wear in the running parts. In order to 


Fig. 49*20. — Shuat-Wound 
Dynamo. 
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Suppose tliat a closed coll, P, is fixed to tlie ring and tliat the ring 
rotates about an axis thi'ougli 0, the centre of the ring, perpendicular 
to the plane of the diagram. , Then the magnetic flux tlirougli the 
coil is, zero' when it is in the positions (ii) or (iv), and a maximum 
when it is at (i) or (iii). It follows, therefore, that as the armature 
rotates an alternating e.m.f, will be produced in the coil. It will 
only be approximately simple harmonic in character. 

If the coil is furnished with leads to a split commutator direct 
current may be obtained — ^it will, of course, pulsate. 

To obtain a direct current suitable for ordinary use the armature 
is wound as in Fig. 49-21 (5). The ring is wound uniformly with 
copper wire and at regular intervals contacts are taken to separate 
segments of the commutator. The whole system comprising the 
ring, windings, tappings, and the commutator rotates with the axle 
to which the system is attached. The brushes are carbon plates 
fixed in space so that the different segments slide past each brush 
in turn once in each revolution. Leads attached to the brushes 
allow direct current to be taken from the generator to an external 
circuit. Let us see why the e.m.f. no longer pulsates. 

If we consider any on© of the segments of the commutator as it 
rotates, its potential will vary — ^in fact, twice in each revolution 
it will be zero and twice attain a maximum value (but with a 
different sign). The fixed brushes are arranged so that contact is 
made with each pair of opposite segments in turn when the potential 
difference between them is in the neighbourhood of its maximum 
value. If there is a large number of segments the potential differ- 
ence between the brushes remains practically constant. 

D.C. Motors. — ^It has already been shown [cf. p. 827] that a 
conductor carrying a current moves when placed in a magnetic 
field if the conductor is free. This is the basic prmciple of all 
electric motors. Any of the direct current dynamos just described 
will run as motors if connected to a suitable supply of direct current. 

Back e.mi. in Motors. — Suppose that R is the resistance of 
the armature windings and the coils of the field magnets. Let a 
battery of e.m.f. V he connected to the terminals of the machine. 

If the armature is at rest the current through it is given by ^ = E- 

Since R is sttih.II this current is large. But if the armature is allowed 
to rotate an induced e.m.f. will be set up iu its windings. It will 
oppose the e.m.f. of the battery. This back e.m.f. (or counter 
e.m.f.) wUl increase as the armature rotates more quickly. Sup- 
pose that it is V at any instant. Then the current in the circuit 
at that ipgtant is given by 
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^ if tiie inaoliin© m friotionless- and no external work is performed^ 
tke,; angular velocity of the aimatnre will increase until V =: i?, i.e. 
no, current is tlien being supplied by the battery. Tbe armature 
would tben revolve with constant velocity. 

Suppose, however, the machine does work. If I is the current 
supplied by the battery, energy is then being dissipated at a rate 
VI watts, if the current and voltage are expressed in practical 

Y — V 

units. Now I is equal to — g— . The rat© at which heat is 

developed in the armature windings is therefor© 

(V -- 


PR: 


R 


watt. 


Hence the rate at which external work is done is 


VI 


(V - 
R 

V-' 


watt. 


V(V -v) (V • 


R 


R 


R 


. t? = W watt. (say). 


This expression shows that the external work done is zero if 
V = i;, or if v = 0. The first condition has already been discussed : 
the second applies when the armature is at rest. 

To find the condition that the power developed should be a 

, dW 

maximum we obtain ^ and equate it to zero, V and R being 

constant. We have 

.V-t?. 


R 


. ^ =3 0, or V 


i.e. the back e.m.f . is half the applied e.m.f. 

It does not follow, however, that this is the most economical 
condition for running the motor, for 


Energy converted into useful work per second _ 
Energy supplied per second 


R 




V 


If = |V, the above ratio is 0*5. The speed at which a motor is 
run is generally such that v = 0-9V, when the above ratio is 0*9. 

Mutual Inductance.-— It has been shown that whenever an 
electric current changes in a circuit (primary) there is established 
an induced electromotive force in any neighbouring closed circuit. 
The two circuits are said to possess mutual inductance* Let 
us examine this phenomenon more closely. It is well known that 
when a current flows in the primary circuit that there is present 
a magnetic field in the region round the circuit. Consequently 
there will be a definite number of lines of magnetic induction 
linked with any closed circuit situated in the magnetic field due to 
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the current, ill tlie .primary. Now as long as the primary current 
remaiiis constant and tlie positions of the circuits reiative to one 
another do not change, the number of lines of magnetic induction 
linked with the secondary cii'cuit is constant, and there is no induced 
electromotive force in that circuit. But 'if either the cuixent in 
the primary, or the distance apart of the, tv/o circuits, varies, then 
there is at once produced an electromotive force in the secondary, 
and tMs continues to exist for as long as the number of lines of 
magnetic induction linked vdth the circuit is varying. Now the 
number of lines ofinduction linked with the secondary circuit 
depends on the strength of the current in the primary and on the 
relative positions of the two circuits, i.e. it depends on the current 
ill the primary and on the geometry of the circuits. 

If i is the current in the primary circuit, the number of linkages 
in the secondary is mi, where m depends only on the geometry of 
the system if no ferromagnetic material is present. When i varies, 
we have 

Electromotive force in the secondary = — m 

The quantity m is termed the mutual inductance or the co- 
efficient of mutual induction of the two circuits. It can be 
proved that for two given circuits m is constant ; i.e. it does not 
matter which is the primary circuit and which is the secondary. 
The numerical value of the mutual inductance of a pair of coils 
is equal to the number of lines of magnetic induction linked with 
one of these coils when one e.m.u. of current flows in the other. 

From the equation given above it is seen that the mutual in- 
ductance of a pair of circuits may be defined as 

the electromotive force in the secondary 
the rate of change of the current in the primary* 

When the e.m.f . and the current are measured in absolute units 
of electromotive force and cuiTent respectively, the mutual induct- 
ance is measured in absolute units of inductance. The practical 
unit of inductance is the henry, and a pair of circuits has a mutual 
inductance of one henry when, if the current through one circuit 
is changing at the rate of one ampere per second, an electromotive 
force of one volt is induced ha the other circuit. The value of a 
mutual inductance in practical units will be denoted by M. 

Since 1 volt is 10^ e.m.u. of potential difference, and 1 ampere 
is 10’"^--e.m.u. of current, 

1 volt' 

, I henry == c — : — ^ • zi 

, V i ampere . see. ^ 

10® e.m.u. of potential difference 
A e.m.u. of current . 8eo.~^ 

, =10® e.m.u, of inductance. ■ 
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When Faraday constructed the apparatus shown in Fig. 49*15 he 
had really constructed the jSrst mutual inductance. The mutual 
inductance of two coils is increased several hundred times when 
the primary is wound upon an iron core, but the mutual inductance 
is no longer a constant. Such an inductance is essentiaUy a trans- 
former if the primary is connected to an a.c. supply. 

Practical Standard of Mutual Inductance. — A practical standard 
of mutual inductance — ^cf. Fig. 49*22 — ^is constructed by winding a coil 
of many turns of wire (the secondary 83 . 82 ) on the middle portion of 
a long uniformly wound solenoid (the primary )• Let tliis solenoid 
have ^ 3 . turns per unit length, and suppose that the current through 
it is i. Then the magnetic field inside the solenoid is 4:7inii and is 
uniform over any cross-section near the middle of the coil. If the 
cross-sectional area of the coil is then the fins through each turn 
in the primary is 4:nnii.7tr^. Now outside the primary the magnetic 
field is very small so that if the secondary coil is very closely wound 
on the primary we are justified in stating that the flux through each 



turn of the secondary is also : if there are turns in the 

secondary, the total magnetic flux linked with that circuit is 

di 

If the current i is changing at a rate the e.m.f. in the secondary 

chcuit is equal to the rate at which the number of linl^ages tlirough 
it diminislies, i.e. 

' d ' M 

di 

But this is equal to ■“ where m is the mutual inductance of 

the two circuits. Hence 

m = absolute or e.m. units of inductance, 

or , 'M ~ 4:7i^nin^T^ x henry. 

It cannot b© emphasized too strongly that in an iron -free circuit 
the coefficient of mutual induction depends only on. the geometry of 
the system, a fact which is at one© apparent from the value of m deduced 
for the above pair of coik. Such an inductance is used to standardize 
the throws of a baliistie galvanometer [cf. Fig. 49*15, p. 952.] 

Self Inductance. — ^When a current flows in a circuit there will 
be a definite number of linkages for that circuit due to the current 
in the circuit itself. This number depends only on the geometry 
of the circuit and the current, if no ferro-magnetio material is 
present. We may therefore write, ^ 

No. of linkages = = li, 


ELECTROMAGNETIC DTOUCTION 


963 , 


where I is a constant for the circuit, and % the current in it. Now 
when the ciurent changes there will be a yariation in the number of 
linkages and consequently an induced electromotive force. In 
virtue of this there will be superimposed on the main current an 
induced current. By Lena’s law, the direction of this current is 
such that it tends to dimmish an increasing current and to maintain 
one which is decaying, i.e. it tends to keep the magnetic flux linked 
with the oii’cuit constant. It is owing to this fact that a current 
does not assume its final value at once ; the interval of time may 
vary from a small fraction of a second to several minutes. 

From Faraday’s law of electromagnetic induction we may derive 
a value for the induced e.m.f. in a circuit due to changes in the 
current through it. We have 

Induced e.m.f. = — ^ == — y{U) ^ ^ 
dt dr dt 


1 


if I is a constant, i.e. if ferromagnetic materials are absent. The 
quantity I is termed the self4nductance or coefficient of self- 
induction of the circuit. 

The units for self-inductance are the same as those of mutual 
inductance and a circuit has a self-inductance of one henry when, 
if the current is changing at the rate of one ampere per second, 
an opposing e.m.f. of one volt is set up in the circuit. 

The coefficient of self-induction of a circuit is numerically the 
same as the number of fines of magnetic induction finked with it 
when the current through the chcuit is 1 e.m.u. of current. 

Effects of Inductance, — ^The presence of induction in a circuit 
or between a pair of circuits effects the current in several ways ; 
it must be remembered, however, that the inductance has no effect 
as long as the strength of the current remains constant, but when 
it is growing or decajdng the inductance plays an important part 
in determining the magnitude of the current at any instant. In 
all instances, the effects of induction are to oppose any variation 
in the current — ^when the current is increasing the inductance tends 
to make it increase more slowly ; when the current is diminishing 
in intensity the inductance of the circuit tends to maintain it. 

The presence of self-inductance in a circuit manifests itself by 
the so-called extra current appearing as a spark when an inductive 
circuit is broken. If the inductance is very big the spark is very 
bright and a person holding the ends of the wire which is fractured 
may receive a severe shock due to the high e.m.f. induced in the 
circuit. The formation of a spark is accounted for as follows. 
Initially the air in the gap is a non-conductor, but as the potential 
across it rises'* a stage is reached at which ionization sets in. The 
potential continues to rise and the ions become ionizing agents 
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tiieraselves. The current increases and a spark passes. To avoid 
the effects of self-inductance in measuring resistances with a P.O. 
box, the coils are wound non-induetively, i.e. for each coil the free 
ends of the vdre are soldered to the terminals, the wii’e made into 
a loop, and then wound on the bobbin. 

Sell- Inductance of a Solenoid. — Let us calculate the self-induct- 
ance of a long uniformly wound solenoid in air. The solenoid must 
be narrow compared with its length A, so that we may neglect any want 
of uniformity in the magnetic field inside the solenoid. The magnetic 
intensity in such a coil is where i is the current in e.m.u. and 

n the number of turns per cm. If r is the radius of the coil, the 
magnetic flux through each turn is 4^i!tni,7tr^. The number of linkages 
associated with the coil is i:n'^nTH,nX — When the current 

varies the e.m.f. induced in the coil is 

di di 

dt dt 

Hence I = e.m.u. of inductance 

L== X 10“"® henry, 

where L denotes the seif -inductance in practical units. 

Faraday's Ring Transformer. — transformer is an instrument 
whereby an alternating current supplied at one voltage may be 
changed to one at another — ^there is no change in frequency, how- 
ever. If the voltage is raised and the current diminished we have 



a step-up transformer : if the voltage is reduced, the current being 
increased, we have a step-down transformer. In each instance the 
principle is the same and we shall confine our attention to simple 
transformers ; they were invented by Faeaday. In a step-up 
transformer the primary coil consists of a small number of turns 
of thick copper wire wound on an iron ring or core and insulated 
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from it and one anotlier— -cl Fig. 49*23. The secondary then 
consists of a large number of turns of thin insulated wire. When 
an alternating ouiTent passes through the primary 'the iron is mag-' 
netized so that the lines of induction are fii’st in one direction and 
then in the other ; hence there is a continuous changing of the 
linkages with the secondary. The e.m.f. induced in the secondary 
is approximately n times that across the primary if is the 
ratio of the number of turns in the secondary to that in the 
primary. 

A very simple but inefficient transformer may be made as follows 
—of. Fig. 49*24. A rod of soft ironj XY, is wound at one end with 
a coil, PiPa, consisting of 
several turns of thick wire. 

This is connected thi*ough a 
lamp, L , (this acts as a re- 
sistance), to an a.c. supply. 

The other end of the rod is 
wound with a coil, S 1 S 2 , con- 
sisting of many turns of 
thin wire ; the ends of this 
coil are connected to a tele- 
phone T. A note of the same 
frequency as that of the a.c. 
supply is heard in the phones. 

If no a.c. supply is available a battery may be used — a distinct 
click will be heard in the phones each time the battery circuit is 
made or broken, but when the current is established the phones are 
silent. 

Further Notes 011 Transformers.^ — ^Transformers supplying 
electrical energy at 100,000 volts are in firequent use. In them 
good insulation of the turns of wire from each other and from the 
iron core is very essential. To satisfy these requirements all such 
transformers are immersed in oil, the dielectric strength of which 
is much greater than that of air. 

The cores of transformers are not solid, but are laminated, i.e. 
they consist of strips of sofr iron-*- or iron with a certain amount 
of silicon on account of the high permeability of this alloy— -in- 
sulated from one another. In this way loss of energy due to the 
formation of large eddy currents is avoided ; moreover, the tem- 
perature of the core does not become excessive when these currents 
are reduced in magnitude.' 

It is also important to select a material for the core in which the 
hysteresis loop^ is narrow, i.e. the loss of energy due to hysteresis 
in the core will be small. 

For use with high-frequency currents, e.g. cuiTents at radio 
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frequency, transformers cannot be wound on an ii'on core since tbe 
molecular magnets in tbe latter are unable to respond to variations 
in tbe magnetizing field by altering tbeir orientation sufficiently 
rapidly. Such transformers have an ‘ air core ® and tbe support 
for tbe wires must not contain any metal on account of tbe eddy 
currents wliich would be produced in them. 

Tbe Transmission of Electrical Energy. — ^Let G, ■ Mg. 
49*25 (a), be tbe generating station for tbe supply of electrical 
energy to a town T, Let R be tb© resistance of tbe leads from 
G to T and back. Let V be tb© voltage developed at tbe generator, 
and I tbe current to be delivered. Then tbe generator is developing 
energy at a rate of VI watts, Tbe rate of loss of energy due to tbe 
Joule effect in tbe wires is I^R watts. Hence tbe power available 
at T is VI -- PR == I{V - IR) = W (say). 

From tbe above equation it appears that W will be practically 
equal to VI if I^R is made small. One method of doing this is 
to make R small, i.e. tbe cable must have a large diameter. Tbe 
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Fig. 49-25. — Transmission of Electrical Energy.^ 


initial outlay for a long cable of this t 3 ^e is prohibitive. Another 
method of reducing tbe losses due to beat developed in tb© wires 
is to make I small. But when this is don© tbe voltage must b© 
raised in order that tbe wattage suppbed sbaU still be equal to W. 

If V is to be large several considerations have to be noted. In 
tbe first place tbe insulation between tbe component parts of tbe 
generator would have to be almost perfect— practically this is 
impossible. Then again it is not desirable to supply current at a 
high voltage for domestic and factory use in general on account 
oftbe danger from shocks. Transformers supply the means whereby 
tbe current may be generated at a relatively low voltage, stepped 
up for tbe purposes of transmission, and then stepped down before 
being used by the consumer at a low voltage— -240 wolts is now tb© 

^240 V. since 1940. 
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standard voltage in Great. Britain. Nowadays tlie energy is trans- 
mitted at 300,000 volts— "Cf. Eig. 49*25 (6). 

Smal! Houseliolc! Transformers. — For ringing electric bells 
current supplied from a 6-voit source is necessary. Instead of using 
cells a step-down transformer may be used if an a.c. supply at a 


Siep-dow/? 

Tp&‘7sfhp/77ep 

Fig. 49‘26. — Transformer for Domestic Use — ^Honse Bell Circuit. 

Mgber voltage is available. Fig, 49*26 shows the wiring of the 
necessary circuits when a bell may be operated from two different 
positions. 

Example . — Give a diagram showing the essential features of a 
transformer suitable for supplying 4 V at 2 A and 1000 V at 100 mA 
when used on a 240-V a.c. main. Estimate a value for the current 
in the primary. 


Secondary 


^ N92 

I Secondary 

lOOoVf 100mA 


24oV — ^ 

Rpimapy 
Fig. 49*27. 

The scheme of wiring is shown in Fig. 49-27. If there is no loss 
of magnetic flux, i.e. all the lines of induction are confined to the 
iron core, then we may assume that 

B.m.f. in second ary Applied p.d. 

No. of tiuns in secondary No. of turns in primary 

Thus, with the notation indicated, 


r, or ni : 
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An estimate for the primary current I, can b© made if it is assumed 
that 

Bate of supply of energy in primary == sum of the rates of sux3ply 

in both secondaries, 

Le. 2401 - (4 x 2) + (1000 X 0-1) = 108. 

/. I 0-5 A. 

Energy Losses in Transformers. — The reason why the 
numerical answers in the above problem are given only approxim- 
ately is that energy is lost when transformers are used to transfer 
energy from one circuit to another : this loss is accounted for as 
follows : — 

(1) There is a leakage of magnetic fiux, i.e. some of the lines of 
induction due to the current in the primary circuit do not pass 
entirely tlirough the iron core but take shorter paths, partly in air, 
as indicated in Fig. 49-23. 

(2) Loss of energy also occurs because eddy currents are produced 
in the iron core. These are diminished by using laminated cores, 
i.e. the core consists of a number of thin sheets of soft iron (or 
stalloy) laid together and insulated from one another by shellac 
varnish, tissue paper, or both. The effect of this arrangement is 
to cause the eddy currents to flow in high resistance circuits, so 
that the eddy current in each sheet is small. 

(3) In addition, during each alternating current cycle the coife is 
taken through a complete cycle of magnetization [cf. p. 984] and 
it is known that this entails a loss of energy proportional to the area 
of the cycle. This area is smaller for soft iron than for steel 
[cf. p. 984], and still smaller if an aUoy of iron with 15 per cent, 
of silicon, known as stalloy, is used. 

(4) Every transformer winding possesses resistance so that energy 
will be lost according to Joule’s law [I joule. sec. -“i]. The 
thicker the wire the smaller the loss of energy on this account. 

The Induction Coil. — ^The induction coil is a type of transformer 
whereby a comparatively strong current [direct] at a low voltage 
may be transformed into a weak current [intermittent] at a very 
high voltage. Essentially such a coil consists of a few turns of 
insulated thick copper wire, wound on a laminated core of soffc-iron 
wire, surrounded by many turns of thin copper wire (double silk 
covered) on an ebonite or bakelite tube. This latter coil is termed 
the secondary. The core is not solid to reduce the magnitude of the 
eddy currents produced in it. When the current is switched on, and 
while it is reaching its final value, the iron becomes magnetized ; 
during this process the effective magnetic flux across the secondary 
coil varies continuously so that a large p.d. is established between 
its ends, and if these are sujQBiciently close together an electric dis- 
charge takes place across the intervening space. If the primary 
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current is ttien broken an (of opposite sign) is produced in 

the secondary circuit. The subsidiary adjuncts on a modem coil 
are merely there in order that the primary current may be ropeatedly 
made, and broken very rapiiily. The manner whereby this is 
accomplished is indicated in. Fig. 49*28 (a). The primary current is 
supplied from the battery B, and after traversing the upright and 
screw D it flows along the primary coil, P. The iron becomes ex- 
cited and attracts the soft-iron hammer H, whereby the platinum 
contact A is withdrawn from D and the current is broken. The 
hammer, being supported at the extremity of a steel spring, and 
no longer attracted by the magnet, flies back, and the primary 
circuit is again closed. After each make and break the potential 


secondary assumes a very high value. It has been found 
that this arrangement works well if the sparking at A is reduced to 
a minimum. This is achieved by placing a condenser, C, in parallel 
with the spark gap. The condenser usually consists of sheets of 
tinfoil, paper being the dielectric, alternate sheets of the foil being 
connected together. The spark gap is furnished with platinum 
points, and since this is not easily vaporized the sparking is less 
persistent. 

A diagrammatic representation of an induction coil is shown in 
Fig. 49*28. (6). 

The relation between the primary current and the e.m.f. in the 
secondary of %n induction coil is shown in Fig. 49*29. It will be 
noticed that the above e.m.f. is a maximum just after the primary 
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current has been broken. Where high voltages are essential this 
is the useful part of the e.m.f., and since it is large compared with 
the induced e.m.f. at other stages of the cycle of changes, it foOows 
that the e.m.f. in the secondary is almost unidirectional but inter- 
mittent. A factor helping farther to increase the secondary e.m.f. 



Fia. 49-29. — ^Eelation between E.M.F. in Secondary and Current in Primary 
of an Induction Coil. 


after the breaking of the primary current is the small reverse current 
in the primary due to the discharge of the condenser through it. 
Thus the condenser not only diminishes sparking at the ‘ make 
and break/ but also helps to increase the useful part of the secondary 
e.m.f. 

Notes on the Construction of an Induction Coil. — In a 
modern large induction coil the mam details of construction are 
as follows. The secondary coil is made up of a number of flat 



Fig. 49*30,— Construction of an Induction Coil. 


sections B mm, to 5 mm. thick. Generally, these sections are 
wound separately and then assembled, the ends of the wire between 
adjacent sections being soldered together so that oife continuous 
winding is formed. Each section is known as a ‘ pie.' To con- 
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struct one of these, a piece of ebonite is turned in a lathe until 
it has the shape shown in Eig. 49-30 (a). This is then supported 
on the * former ’ shown in Eig. 49-30 (5), so that it may be wound 
with wire. While the winding is in process the wire is ran through 
molten paraffin wax : this not only improves the insulation but 
helps to make each pie a solid entity. 

The primary consists of a core of soft-iron wire mounted in a 
bakelite tube. The primary current is carried by a double layer 
of insulated thick copper wire wound on the above tube : the whole 
of this is mounted in another bakelite tube. The pies are then 
assembled on this as indicated in Eig. 49-30 (c). The soldering is 
done as each pie is added. Wlien the requisite number of pies has 
been added, the whole is pressed firmly together, preferably while 
it is immersed in molten wax in a vacuum, so that all ahr bubbles 
shall be removed from between the wires. 

The main advantage of constructing the secondary in this way 
is that high potential differences between neighbouring parts of the 
secondary are avoided — ^the risk of a breakdown of the insulation 
is thereby diminished. 

The Coil-Ignition Set for a Motor-car, — Fig. 49*31, is the 
battery supplying current to the primary, P, of a small induction 
coil, when the spark gap is closed. A condenser is placed across 
this gap as in an ordinary induction coil. By means of a rotating 
shaft, a cam is driven so that the spark gap is opened and closed 
many times per second. In consequence of this a large p.d. is estab- 
lished between the ends of the secondary, S, of the coil, one of which 



Pig. 49*31.— a Coil-Ignition Set for a Motor-car. 


is earthed. The other end is connected to a rotating arm A, forming 
part of the so-called distributor. Dj, Dg, Dg, and D 4 , are metal studs 
fixed in an insulating material. Each stud is connected to one end 
of a sparking plug, the other end being earthed. When, for example, 
A touches Dgj.there is a large potential difference across the second 
plug and a spark passes igniting the petrol-ah* imxture in the second 
cylinder of the car. In turn the mixture in each cylinder is fired. 
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Fia. 49*32. — A Wehnelt 
Electrolytic Interrup- 
ter. 


Weimeit Electrolytic Interrupter. — order that the circuit on 
an induction coil shall be broken rapidly so that the secondary e.m.f. 
may be as great as possible, the mechanical make and break described 
above is frequently replaced by a Wehnelt interi’upter.^ A and B, 
Fig. 49*32, are two electrodes dipping into dilute sulphuric acid con- 
tained in a glass vessel. A is a large plate of lead connected to the 
negative pole of a battery, while B is a plat- 
inum wire, mounted in a porcelain sleeve, so 
that only its extreme point is in contact with 
the acid. The extent to which the platinum 
projects from its sheath may b© controlled by 
a screw S. When the potential difference 
across this apparatus exceeds 30 volts the cur- 
rent density in the region of the electrolyte 
near the platinum point is very great and 
a considerable amount of heat is produced 
locally. Moreover, the amount of electrolyte 
decomposed here is large. A gas-layer covers 
the point of the platinum wire and the cur- 
rent is broken. A spark passes at this point 
— ^if necessary the energy of the spark may 
be increased by placing a coil possessing self- 
induction in the circuit — and this causes the 
bubble to detach itself from the wire. Contact is then re-established 
and the process repeated. With the aid of this interrupter, the 
circuit may be made and broken 1000 times per second. No con- 
denser should be placed in parallel with the interrupter, for this 
diminishes the energy of the spark, thereby impairing the efficiency of 
the instrument. 

Mercury Interrupter. — ^An interrupter capable of making and 
breaking a circuit 1500 times per second but entirely different in 
principle from that designed by Wehnelt, is shown in Fig. 49*33 (a). 
A is a narrow metal tube whose upper end is made horizontal, while 
its lower end is connected to a metal sphere provided with several 
small holes, so that the mercury 
into which it is placed may pass 
freely towards the tube A. The 
whole is covered with an insulating 
oil and one which does not decom- 
pose when heated locally by a spark. 

B is a pulley by means of which 
the tube A may be rotated rapidly 
about a vertical axis. When this 
occurs a fine jet of mercury emerges 
from A and strikes C, a cylindrical 
‘ mat ’ made of pieces of metal and o** a tia- 

©bonite arranged alternately — cf. 

Kg. 49-33 (6). These metal pieces (Mechamoal Interrupter), 
are connected together and to one pole of a battery while B is 
joined to the other pole. Current will only pass from A to 0 when 
the mercury jet is in contact with one of the metal pieces. In this 
way a means of makmg and breaking the circuit rapidly is provided. 
A condenser placed across A and C diminishes the energy of the sparks 
occurring when the circuit breaks, i.e. the actual break takes place 
in a shorter interval of time. 



Fig. 49*34.^ — Telephone. 
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Telephony ^—Graham Bell, about 1876, invented a telephone 
which first embodied the essential features of the modern instriiineiit* 
It could be used both as a transmitter and as a receiver. The 
essential features of a modern form of telephone' receiver are shown 
in Fig. 49*34 (a). ■ A thin iron diaphragm D, varnished to prevent 
rusting, is situated behind the mouth-piece A, and immediately 
behind the diaphragm are soft iron pole pieces, P, fastened to the 
poles of a permanent horse-shoe magnet, M. This is held in position 
by the conical-shaped piece of brass C. Many turns of fine insulated 


wire are wrapped round the pole pieces. These turns are arranged 
as in Fig. 49*34 (b) so that the pole strengths are each increased 
or decreased together, i.e. the puU on the diaphragm due to each 
pole is always increased or decreased. [The arrows in Fig. 49*34 (b) 
indicate the direction of the current when the numerical value of 
the strength of each pole is being increased.] H is an ebonite 
cover which serves as a holder. The leads from the magnetizing 
coils pass through a small aperture 0 in H. The permanent 
magnet M k^ps the pole pieces magnetized in a condition corres- 
ponding to a point P on the steep portion of the hyteresis curve 
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shown in Fig, 49*34 (c). Hence any smaE change in the magnetic 
field causes a considerable variation in the pole strength of these 
pieces. If, therefore, rapid fluctuations of current, or intermittent 
unidirectional currents, are passed through the windings wound 
round the pole pieces, the diaphragm, whose natural frequency is 
somewhere in the range of audition is caused to vibrate, and if the 
frequency of the vibrations is within the Emits of audibEity, the 
sensation of sound wEl be produced. Moreover, it happens that 
the amplitude of the variations in current and of the displacement 
of the diaphragm are practicaEy proportional to the ampEtude of 
the soundwaves, i.e. there is Ettle or no distortion. 

To transmit a verbal message two such instruments were in- 
staEed and connected by a wire and also to earth. No battery was 
used. When words are spoken into such an instrument the pressure 
fluctuations in the air cause the diaphragm to vibrate. There is 
then a piece of iron [the diaphragm] alternately approaching and 
receding from the poles of a magnet, so that the density of the 
number of lines in the magnetic field between the pole pieces under- 
goes corresponding fluctuations. 
Induced currents in the coils 
round P are thereby set up 
and these are transmitted to 
the second station. These 
cause identical variations in 
the field round the pole pieces 
of a sinularly constructed in- 
strument so that its diaphragm 
executes vibrations almost identical with those of the diaphragm 
at the transmitting station. This throws the air surrounding it 
into vibration and the sound is reproduced without distortion. 

In Fig. 49*35 there is shown a section of an ear-phone. Its mode 
of action is simEar to that of the telephone just described. 

The Microphone. — ^Nowadays the above instruments are only 
used as receivers, for the currents transmitted when they are used 
for that purpose are too weak to enable the message to he 
conveyed across long distances. The microphone, invented by 
Hughes, is an essential part of aE modern transmitters. The 
foEowing experiment enables ns to understand the action of such 
transmitters:- — 

Experiment , — A pointed piece of carbon B, Fig. 49-36, rests in two 
notches cut in two carbon plates A, C, These are fixed in an insulating 
stand and connected to a telephone receiver R and a 4-volt battery. 
Any slight mechanical vibration causes the resistance at the carbon 
contacts to vary considerably and the current in the cfrouit will vary 
accordingly. If a watch is placed near to the instrument its ticks 



Fia. 49*35. — ^Earphone, 


Fiq. 49*36. — ^Microphone. 

appear like the strokes of a blacksmith’s hammer if the telephone 
hicluded in the circuit is placed close to one’s ear. 

Modem Single -Button Carbon Microphones. — simple 
carbon-granule microphone is shown in Mg, 49*36 {h), D is a thin 
carbon diaphragm, or rubber diaphragm coated on one side with 
powdered carbon. This is attached jSrmly at its edges to an outer 
ebonite case A to which a terminal is fixed : this terminal is 
connected to D, The case A also carries a second terminal Tg 
which supports a carbon block C. The space between C and D 
is filled with loosely-packed carbon granules and under normal 
conditions these granules press lightly against one another. The 
terminals T^ and Tg are connected to an adjustable resistor, suitable 
battery, and ammeter, so that the steady current may be adjusted 
to the maker’s stipulated value — this current is indicated in 
Fig. 49*36 (c) by the straight line parallel to the time axis. When 
sound waves are incident upon D it vibrates and the pressure 
between adjacent carbon particles alternately increases and 
decreases causing a corresponding increase and decrease of current 
through the circuit, i.e. the current is no longer steady but has 
superimposed upon it a fluctuating current whose frequency is 
identical with that of the incoming acoustic signal. If, for example, 
a tuning fork is held in front of a microphone, the total current 
varies as shown by the waVy curve in Fig. 49*36 (c), i.e. a sinusoidal 
current is superimposed on the normal steady current. 

The Transmission of Speech. — ^In the preceding paragraph 
it has been shown how a microphone is used to produce electrical 
oscillations of the same frequency as the acoustical waves falling 
upon it. To transmit speech a microphone, M, Fig. 49*37, is arranged 
in series vith a 4-volt battery, adjustable resistor and the primary 
of a step-up transformer, T^. The secondary coil, S^, of T^ is 
connected [through the telephone exchange] io the secondary of 
the step-down transformer, Tg, the primary of which is connected 
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to a carbon-microphone Mg and the necessary battery and resistor. 
Telephone receivers R^ and R 2 arc included at either end of the 
‘ line ' so that each station may transmit or receive signals. [The 
vibrations of the mocrophone’s diaphragm at the transmitting end 
cause fluctuations in the value of the primary current so that a 
small current at a high voltage is produced in the secondary, and 
this is transmitted along the line and detected by the receiver at 
the other end of the system. It is necessary to use a return wire 

M2 



400 O. 4V 


Fig. 49-37. 


in this instance, for if it is dispensed with the inductive action of 
neighbouring circuits creates such a continual hum in the ’phones 
that the reception of speech becomes impossible.] 

If transformers are not used the system will only be operative 
over short distances for, in other instances, the changes in resistance 
of the granules will be very small compared with the total resistance 
of the circuit which means that the fluctuations in current become 
too small to affect the diaphragm of the receiver. 


EXAMPLES XLIX 

1. — State and explain the meaning of Faraday’s law of electro- 
magnetic induction* Describe an induction coil and explain how it 
works. 

2. — ^Describe and explain the action of (a) an induction coil or a 
transformer, (&) a microphone. 

3. — Write a short essay on Faraday’s discovery of electromagnetic 
induction. 

4. — ^Describe the constmetion and explain the action of an alternating 
current transformer. Discuss its uses. 

5. — copper disc, 20 cm. in diameter, rotates on its axis normal 
to its plane 50 times a second in the earth’s hori 2 iontal field. Assuming 
Ho to be 0*18 oersted and the dip tan”^ 2-5, calculate the potential 
difference between the circumference of the disc and its centre. 

6. — A circular copper disc of radius 20 cm. rotates on its axis 80 
times a second. If the plane of the disc is normal to a magnetic field 
of strength 500 oersted, calculate the current when copper brushes 
touch the axis and periphery of the disc and the resistance of the 
external circuit is 10 ohms. 

7. — Calculate the potential difference between the enSs of the axle 
of a carriage wheel when a train is travelling at 60 kilometres per hour 
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across a liorizontal plane wliere Hq is 0*2 oersted and the dip 45°. The' 
length of the axle is. 1*2, metres. 

8. —State Lenz’s law of induction of currents. Calculate the maxi- 
miini electromotive force induced in a circular coil of wire rotating 
5 times per second about a diameter and at right angles to a magnetic 
field of strength 0-2 oersted, the, effective' area of the coils being 

20.000 em.2. 

9. — What is known concerning the electromotive force in a circuit 
placed in a magnetic field of varying intensity ? A metal rod 1 metre 
long, rotates about one end in a plane at right angles to a magnetic 
field • of intensity 0-2 oersted. If the rod makes 2 revolutions per 
second, what is the difference in potential between its extremities ? 

10 . — Under certain conditions a sphere of soft iron tends to move 
at right angles to the lines of force in a magnetic field. Describe the 
conditions and account for the phenomenon. (L. ’23.) 

11. — Describe and give the theory of the method by means of which 
the vertical component of the earth’s magnetic field may be foimd. 

12. -— State Lena’s iaw^ of electromagnetic induction, and describe 
experiments to illustrate it. 

Explain the essential features of a simple form of dynamo for pro- 
ducing ‘direct ’ current. 

13. — coil of wire of 6 turns, each 1 cm. ^ in effective area, is connected 
to a ballistic galvanometer of the moving magnet type, the total resist- 
ance in the circuit being 20 ohms. On introducing the coil into a strong 
magnetic field, the maximum deflexion recorded by the galvanometer 
is the same as that recorded when a condenser whose capacity is 
and whose plates have a potential difference of 1 volt between them, 
is discharged tiirough the galvanometer. WTaat is the strength of the 
magnetic field ? Would your result be correct if a moving coil gal- 
vanometer were employed f 

14. — Define the absolute and the practical unit of inductance. What 
is the relation between them f 

What is the self inductance of a solenoid of length X cm. consisting 
of n turns of wire of cross-sectional area a cm.^ the core on which the 
solenoid is wound having a permeability 

15. — ^Define mutual inductance. 

Derive an expression in practical units for the mutual inductance of 
two coaxial coils of wire, the inner one of 250 turns of wire wound on 
a wooden core 50 cm. long and 2 cm. in diameter, while the outer one 
consists of 1,000 turns wound closely round the inner coil. Would 
you regard such an inductance as an absolute standard of mutual 
inductance ? 

16. — A circular disc 20 cm. in diameter rotates 6 times per second 
about an axis tiirough its centre in a magnetic field normal to its plane. 
If the field has an intensity of 100 oersted, calculate the potential 
difference in volts between the axis and the periphery of the disc. 

17. — ^A ballistic galvanometer, whose sensitivity is 200 divisions 
per micro-coulomb, is connected in series with a coil, A, and a resistance 
box wMch is adjusted to make the total resistance of the circuit 

2.000 ohm. When a current is suddenly started in a neighbouring coil 
the galvanometer spot shows a throw of 95 divisions. Obtain a value 
for momentary change in effective flux (linkages) associated with the 
coil A. 

Give a diagram to show how the quantity-sensitivity of the galvano- 
meter can be determined if a standard cell and Suitable condenser are 
available. 


CHAPTER L 


THE MAGNETIC PROPERTIES OF IRON AND 
STEEL 

When a rod of soft iron is placed in a magnetic field the con- 
figuration of the field is changed for the lines of induction tend 
to concentrate themselves in the iron. In addition, north-seeking 
polarity is exhibited by the iron specimen at the end where the 
lines of induction leave it, and south-seeking polarity at the end 
where the lines of induction enter, i.e. the magnetic axis of the 
iron tends to point in the same direction as the magnetizing field. 
The iron has been magnetized by induction. 

Intensity of Magnetization. — ^It is assumed that a magnetic 
material consists of a large number of very small elementary magnets, 
aU orientated at random when the substance is not magnetized. 
When placed in a magnetic field the orientation of the elementary 
magnets is disturbed, the tendency being for their axes to be 
parallel to that of the field. As this field is increased the number 
of magnets with their axes parallel to the field becomes greater, 

until finally ah their axes 
-H are parallel and the sub- 

stance is said to be mag- 
netized to saturation. 

Let dv, Fig. 50*1 (a), be 
a small volume of a mag- 
netic material, and let H 
be the magnetic field acting 
in the direction indicated. 
Now each elementary magnet has a definite magnetic moment: 
let each of these moments be resolved into components normal and 
parallel to H. If the small volume is large enough to contain a 
large number of elementary magnets the sum of the components 
normal to the field will be zero, since an initial random distribution 
was postulated. Let <3M be the sum of the components paraUei 
to the field. Then 





d 


(b) 


Fig. 50-1. 



(cO (h) 

Fig, 60-2. 

Let us consider the force per unit positiye pole on a small positive 
pole, dm, at the point P, Fig, 60’2 (a), the centre of a cylindrical 
cavity, whose diameter is small compared with its length, and 
whose axis is in the direction of the magnetization at P. Then 
induced magnetism will appear on the ends of this cavity. If J 
is the intensity of magnetization, and a the cross-section of the 
cavity, the charges of magnetism at the en^ of the cavity will 
be Ja and — Ja, respectively. If 21 is the length of the cavity, 
the force on the small pole at P, due to the magnetism on the 

walls of the cavity, is (^ + jr ^ cavity 

is very long compared with its width. The force per unit 

^ Should it b© necessary to distinguisli this symbol from that for th© 
mechanical ©qmvalent of heat, w© may nse Jo == 4:-18 Joule. cal.- ^ 

:• - IP . ■ . ■ . ' KM 
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is called the intensity of magnetization, J, for the material 
under the conditions considered.^ 

■ Now let Fig. 50*1 (5) represent a small cylindrical element of a 
magnetic material with its axis parallel to H, and its dimensions as 
indicated. If J is the intensity of magnetization, then 


Let d= O' be the surface density of the magnetism which must be 
placed on the ends of an equal small cylinder so that its magnetic 
moment shall be <3M. Then its moment is (<y.«3S).daj. Comparing 
these equations, we obtain o' = J. 

Magnetic Intensity and Magnetic Induction. — ^The magnetic 
intensity at a point in air [strictly speaking, in a vacuum] has 
been defined as the force per unit positive pole on a small positive 
pole placed at th© point. When it is desired to measure the force 
on such a pole inside a piece of iron, or other magnetizable sub- 
stance, a cavity must first be made in the specimen so that the 
small pole may be introduced into it. Now the walls of the cavity 
will exhibit magnetic polarity which will, in general, contribute to 
the total force on the small pole in the cavity. This contribution 
will be determined, in part at least, by the shape of the cavity, 
which must therefore be carefully specifi.ed if the physical inter- 
pretation of this force is to have a definite meaning. 

H 
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■ positive pole' at P is therefore due to, the maguetiziug field. Call 
it.H." 

Now consider the force on dm when this is at P the centre' of 
a cavity whose length is small compared with its diameter — ^the 
cavity resembles a disc — ^Fig. 50*2 (6). Again let the axis of the 
cylinder be parallel to, the field. Let jS be the area of each plane 
face of the disc. It is only on these faces that induced magnetism 
will appear. Now the contribution to the force per unit positive 
pole on dm due to these induced charges of magnetism is a 
result obtained from analogy with the corresponding problem in 
electrostatics [cf. p. 708]. 

The actual force per unit positive pole on the small pole in the 
cavity is obtained by adding together the two quantities H and 
4jrl. This total force per unit positive pole on the small pole is 
a measure of the magnetic induction, B, of the material. Hence 

B = H + 4jrJ. 

The unit of magnetic induction is the gauss. 

Magnetic Susceptibility and Magnetic Permeability.-— The 
quantity defined by the equation J = is termed the 
susceptibility of the material of the specimen. 

The permeability, fi, of the medium is defined by the equation 
B = pS. Since B = H + 4aJ, it follows that 

/« = 1 + 4 :^%- 

Strictly speaking, the equation B = H + should be written 
B = poK + 4j 7:J, where = 1 is the permeability of a vacuum. 
The units for B and J are necessarily the same. 

Tbe Magnetic Permeability of Iron and Steel— Experi- 
mental Determination by a Magnetometer Method. — ^Let an 
iron rod of uniform cross-section be placed so that its axis is parallel 
to the lines of force of a magnetic field. The iron is magnetized 
by induction. Suppose that m is tbe strength of the induced 
poles, and 21 the distance between them. The magnetic moment 
of the rod is 2mL Hence, J, the intensity of magnetization in the 
rod is given by 

J — ^ 

where v is the volume of the rod and a its cross-sectional area. 
Since the intensity of magnetization is not uniform throughout the 
rod, the above value for J must be regarded as that value which 
the intensity of magnetization would have if, while the product 
2ml remains constant, the poles are considered to be at the ends 
of the rod. In other words this method measures m and we say 
that m is Ja. 
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.III 'the relation B = /eH, His the intensit j of the field causing 
the ii’on to become magnetized. Hitherto we have . assumed that 
this has.,the, saiiie value as the field which would be present if the 
iron were removed. ■ In general, this is not true, for the induced 
magnetic poles in the specimen react on the original field and 
produce what is termed a demagnetizing field. The effect of this 
field is negligible if the length of the specimen is 500 times greater 
than its diameter : hence very long thin wires must be used. 

The experimental method then consists in subjecting such a 
whe to' a uniform magnetizing field and determining the pole 
strength of the magnet produced. The uniform field is produced 
by passing a current through a long solenoid surrounding the wire, 
and in order that the wire may lie entirely within a uniform field, the 
length of the solenoid must be such that its ends project considerably 


Fig. 50*3. — Measupement of Magnetic Permeability of a Ferromagnetic 

Substance. 


beyond those of the specimen when the centres of this and of the 
solenoid coincide. The strength of an induced pole is measured 
by noting the deflexion of a magnetometer needle placed in a con- 
venient position : a* correction will be necessary for the effect of 
the more distant pole. 

The specimen in the form of a rod about 40 cm. long and 1 mm. 
in diameter is placed centrally in a long solenoid SS, Eig, 50-3, 
so that when a current is passed through the coil the iron is in 
a uniform magnetic field. The axis of the solenoid must point 
east and west— then the horizontal component of the earth^s 
magnetic field has no effect on the iron. The current through the 
solenoid is supplied from a battery of three or more ceils, and its 
magnitude is controlled by means of a continuously adjustable 
carbon resistance R. An ammeter A measures the current and 
the direction bf the current tiirough SS may he changed with the 
aid of the reversing key K.' ^The magnetometer M serves to 


aw 
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measure the pole strength of the iron when this is magnetized. 
The effect on the magnetometer of the field duo to the solenoid 
itself may be compensated by means of a small coil C. This is 
placed in series with SS and its position adjusted so that the 
magnetometer deflexion is always zero when there is no iron in SS. 
This adjustment should be made with a large current in SS. To 
determine whether or not it is possible to obtain this adjustment 
when the apparatus has been set up, the coils S and C should be 
short-circuited in turn. Correct connections have been made if the 
deflexions given by M are opposite in the two instances. Initially 
the iron must be demagnetized by raising its temperature to that 
of a bright red heat or by subjecting it to an alternating magnetic 
field which is gradually reduced in strength to zero [of. p. 984]. 
If the iron has been properly demagnetized the hysteresis curve 
finally obtained [cf. p. 984] will be symmetrical. 

To commence the experiment a small current is passed through 
SS and corresponding readings of the current and the magnetometer 
deflexion observed. The current is increased step by step by 
adjusting R and the above observations made at each stage. This 
process is continued until the current reaches its maximum value. 
The permeability of the iron may be calculated as follows : — If J is 
the intensity of magnetization in the rod, oc its cross-sectional area, 
and2Z its length, the magnetic moment of the rod is 2ZJa, since the 
intensity of magnetization is the magnetic moment per unit volume. 
If r is the distance from the centre of the rod to the magnetometer 
needle, Hi, the intensity of the magnetic field at M, is given by 

2{2lJa)r __ AJalr 
_ ^ 2)2 -- 


If 6 is the angle of deflexion of the needle, and the horizontal 

H 

component of the earth’s magnetic field, tan 6 = gd. Hence 

Ho tan e{r^ - ^ 

“ 4:dr 

The strength of the magnetizing field due to a current I amperes 
in the solenoid is H = where is the number of turns 

per unit length of fhe solenoid. Hence 


B == 4:7t[ 
B 




1 + 


Ho tan e(r^ - 


4a^r 

5 Ho tan 0 . (r® - 




nldr 


The main advantage of this apparatus is that the specimen is 
not affected by the components Hq and Hy of the earth’s magnetic 
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field since its axis is normal to each of ■ them.- Unfortunately, 
however, the distance of either pole from the centre of the magneto- 
meter cannot he determined easily for their exact location is un- 
known. This difficulty is avoided by placing the specimen in a 
vertical solenoid, but this necessitates that Hy should be com- 
pensated for otherwise the specimen is not completely demagnetized 
initially. 

When corresponding values of B and H are plotted as in Pig. 504 
the curve, OACD, obtained is termed a curve of magnetic in-- 
Suction >> The dotted curve shows how the permeability varies 
with the field. We are not justified in drawing this curve in the 
neighbourhood of the origin since it is in this region that the 
experimental errors are large. 


JtL (pepstid) 


Fig. 60*4. — Curves of Magnetic Induction (B, H) and of Magnetization 

(J, H). 

(a) At Eelatively Low Values of H. (6) In a Strong EieM. 


A curve similar to the above is obtained by plotting J against 
H. This is known as the curve of magnetization [cf. Oacd, Eig, 
504 (a)]. There is one very important difference between the two 
curves, however. When the magnetizing field H becomes large, 
the curve J-H tends to become parallel to the H-axis — cf. Fig. 
504 (5), and when these conditions have been attained the iron 
is said to he saturated* The upper portion of the B-H curve 
never becomes parallel to the H-axis, for B is a function of H, 
viz., B = H + 47rJ, and even if J were absolutely constant, B 
would still increase with H. It must be remembered, however, 
that B and H are plotted on very different scales; so that from 
the diagram it would appear as if B tended to reached a saturation 
value. 

Hysteresis. — A more complete investigation of the behaviour 
of iron under the influence of a magnetic field may be obtained as 
follows : — Wh^n the current has reached its maximum value in 
the previous experiment the current is gradually reduced to zero 
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and tlie value of the current and the corresponding deflexion of 
the magnetometer are recorded at convenient intervals. It will he 
observed that even when the current is zero the magnetometer 
needle is still deflected, a fact showing that there is a certain amount 
of magnetism left in the rod. This is termed the remanent mag- 
netism or remanence. 

If the current through the solenoid is then reversed, increased 
from zero to its maximum value and then reduced to zero, reversed 
again and increased to a maximum, the specimen will have been 
taken through a complete cycle of magnetic changes » Fig. 
shows how the intensity of magnetization varies with the magnetiz- 
ing field for samples of iron and steel. Such curves are known 
as hysteresis curves, and the intercept 00 on the J -axis measures 



the remanent magnetism in the specimen. This is called its 
retentivity. The intercept OD on the negative H-axis measures 
that magnetic field which is necessary to reduce the remanent 
magnetism to zero. This field is termed the coercive forced The 
curves in Fig. 50-5 indicate that soft iron has greater retentivity 
than steel when both materials have been magnetized to saturation 
but that the coercive force for steel is greater than for iron. When 
a hysteresis curve is plotted to show how the magnetic induction 
varies during the cycle, the intercept on the ^-axis is known as 
the remanent induction. The negative intercept on the ir-axis 
is not important for when B = 0, J 4= A- 
If a piece of iron is subjected to a series of hyste^i^esis cycles, in 
which an initially large current is gradually reduced to zero, each 

^ or coercivity. 
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'hysteresis o'lirve gradiially shrlaks until finally the specimen is 
free from magnetism. This is most easily carried out with the 
aid of . an alternating current — cf. p.' 743, 

Energy must be expended in order to magnetize a given specime.ii 
of iron or steel, but all the energy is not recoverable. When, a 
magnetic material is taken through a complete cycle of magnetiz- 
ation, more energy is spent upon it than is returned to the source 
of energy (the battery). The difference appears as heat in the 
specimen. It may ' be shoTO that 

(area of a hysteresis curve) 


represents the energy lost per cycle per unit volume of the material. 
The corresponding rise in temperature may only be 0*001® C., 
but if the specimen is subjected to an alternating field of, say, 
50 cyole.sec.’^, the rise will be 0*05® C. sec.”^, or 3® C. 

Temperature and . Magnetization. — ^When a steel magnet is 
warmed its pole strength and therefore its magnetic moment 
decreases. ■ Its original strength is re- 
gained in part as the temperature re- r 

sumes its initial value. Iron and steel K 

are not attracted by another magnet 
when they are raised to a temperature ^ 

above red heat. To show this an iron 
wire is made into a short coil and TflT 

suspended near to one pole of a mag- 
net. It is attracted by the magnet and 
finally rests in contact with it. A cur- 
rent is then passed through the iron 
wire so that it glows— -it falls away 
from the magnet. “f 

With pure iron it is found that at [ 

temperatures above 900® 0. it ceases to | 

be ferroms^gnetio but that it can be re- ' , 
magnetized when its temperature has h^Jii 

fallen below this value. This temperature T 

■Ib teimQd the recalescence point ' ioT ^ ^ ^ 

iron,^ for when a' piece of iron is allowed ^ 

to cool after being heated to a tempera- ■ . ■ m ^ " 

ture greater " than this ■ then the wire ' ^ 

glows suddenly as it passes through this ■ ^ 
temperature, i.e. heat is evolved in, the — -- — ~-~ 

specimen. Other abrupt changes occur ^^^* ^Experiment 

^-1.. i. XT • X on Becalescence. 

in other prope«’ties of iron at this tempera- ■: 

ture, e.g. its resistivity changes ' suddenly. 'Hence an iron wire could 
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not be used as a resistance thermometer at high temperatures. 
Recent research has shown that at the recalescence temperature 
there is a sudden change in the arrangement of the^ atoms in the 
iron crystals. At temperatures below this point iron exists as 
(X-iron,the atoms being arranged at the corners of cubes with other 
atoms' at their centres, i.e. the atoms are arranged on a body- 
centred cubic lattice. At temperatures above the recalescence 
point iron exists as y-iron and the atoms are arranged on a 
face-centred cubic lattice, i.e. atoms appear at the corners of the 
cubes and also at the centres of the faces of the cubes. 

This rearrangement of the atoms is accompanied by a change 
in the length of the specimen which may be demonstrated as fol- 
lows AB, Fig. 50-6, is an iron wire surrounded by a glass tube 
to protect it from air currents. It is supported from an insul- 
ated clamp and its lower end is attached to a pointer moving 
about a pivot 0. A mass of lead, D, serves to keep the wire 
stretched. When a current is sent through the wire it is heated 
and its expansion is indicated by the downward motion of the 
pointer. When the recalescence temperature is reached there is 
a sudden contraction in length and the pointer moves upwards. 
As the temperature is increased beyond this point the length again 
increases. Opposite effects are noticed when the wire is allowed to 
cool. In addition to these opposite effects, when the recalescence 

point is attained — as re- 
vealed by the jerk in the 
motion of the pointer — the 
wire glows brightly for a , 
few seconds. This is due 
to the large amount of heat 
liberated when the iron 
changes from y-iron to a- 
iron. 

Shelford BidwelFs 
Pendulum—* A Magnetic 
Engine/— This is an in-' 
teresting experiment, due 
to Bin WELL, based , on the , 
fact that nickel, ferro- 
magnetic material, loses its ' 
magnetism when the tem.- 
Fig. 50*7.— Shelford Bidwell’s Pendizlum. perature is above 340° C. 

— ^the critical temperature ^ 
for nickel. A nickel ‘tongue,’ 2 cm. x 1 cm., is soldered to a 
copper disc 3 cm. in diameter, the thickness of the materials being 
^ the Curie point, cf. p. 988. 
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about 2 mm. TMs forms the ‘ bob ’ of a simple pendulum of 
length 2 metres. If necessary, a lead weight may be attached to , 
the system to keep the suspension stretched. NS is a straight 
electromagnet arranged in line with the nickel. The pendulum 
is set in motion, and the nickel would remain attached to the 
magnet were it not for the presence of the bunsen burner placed 
as indicated in Pig. 50*7. This heats the nickel, which loses its 
magnetism, and falls away from the magnet. The heat is con- 
ducted away from the nickel by the copper which is blackened 
so that this heat is quickly dissipated as radiant energy. By 
the time that the pendulum returns the nickel is below its Curie 
point temperature, it becomes magnetized as it api)roaches the 
magnet NS, and the process is repeated. [A long pendulum is 
selected so that the period shall be large.] 

Theoeies oe I^Iagnetizatiok 

Ferromagnetics, Paramagnetics and Diamagnetics. — Let 
us briefly recapitulate the main facts which are known concerning 
magnetism. Paraday discovered that many substances, and con- 
eluded that ail, could be divided into two classes in so far as their 
behaviour in a magnetic field was concerned. He found that 
members of the first class, the so-called paramagnetics, when in 
the form of cylindrical specimens, arranged themselves with their 
axes parallel to the magnetic field in which they were freely sus- 
pended. On the other hand, members of the second class-— the 
diamagnetics — in similar form, set with their axes normal to the 
field. Amongst the paramagnetics, iron, cobalt, nickel, and certain 
of their alloys, were capable of becoming very strongly magnetized. 

Diamagnetism and paramagnetism are the general phenomena of 
magnetism, whereas ferromagnetism is a specia.1 case of para- 
magnetism. In passing, mention must be made of a series of 
alloys— the so-called Heusler alloys — ^which do not contain any 
iron at all, and yet exhibit marked ferromagnetic properties. One 
of these alloys contains 16 per cent. Al, 24 per cent. Mn, and 60 
per cent. Cu. 

Any satisfactory theory of magnetization must explain the 
foUowing (i) The peculiar collection of properties known as 
ferromagnetism occurring in a few elements and their alloys. 

(ii) The curve of magnetization, i.e. the curve exhibiting the | j 

relation between J, the iatensity of magnetization, and H, the i | 

magnetic field. It must also account for the hysteresis loop. In 
the case of paramagnetics there is a linear relationship between 
H and J : for ferromagnetics, the relation is linear for low fields 
—this con’csjgonds to the portion Oa of Pig. 504 (a) ; then there 
is a sharp rise, ac, and finally the approach to magnetic saturation 
— ^represented by the portion cd of the curve, : 
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' (iii)' The 'residual magnetism’ or permanent magnetism nf 
ferromagnetics must also be explained. Paramagnetics do not 
show this phenomena. Modem workj at very low temperatures 
and with very strong magnetic fields, noW' indicates that under 
these conditions there is an. approach by paramagnetics to satura» 
tion, i.e. the J-H curve is not linear. With" ferroinag.notlcs the. 
condition of saturation is easily approached with relatively low 
magnetic fields, at ordinary temperatures. No paramagnetic sub- 
stance shovdng residual magnetism or hysteresis is known. 

(iv) The properties of a given specimen of iron depend on its 
past magnetic history. 

(v) Magneto-striction, i.e. the change in the linear dimensions 
of a body occurring when it is magnetized. 

(vi) In ferromagnetics, there is a temperature above which the 
residual magnetism disappears and the substance behaves like a 
paramagnetic body. This temperature is known as the Curie point. 

(vii) The susceptibility, ^ = J/H, of a paramagnetic substance 
is inversely propoi'tional to its absolute temperature, i.e. 

Z cc ^ 

For ferromagnetics above the Curie point, i.e. when they behave 
like paramagnetic bodies, the susceptibility is inversely proportional 
to T — 0, where 0 is the Curie point, i.e. 

y ^ 

^ T - 0 ■ 

The Molecular Theory of Ferromagnetization. — In this 
theory, due to Wsbeb, M.4.xwell, and Ewing, no postulate is 
made as to whether the elementary magnets considered are in- 
dividual molecules or molecular aggregates. The demagnetization 
of a substance by heat or by rough mechamcai treatment is explained 
by assuming that the elements, ry magnets are ' jostled ’ and re- 
arrange themselves with their axes orientated at random in space. 
Ewing has adapted his theory to make it fit experimental results 
quantitatively as well as qualitatively. 

To account for the magnetic properties of iron and kindred 
materials it is assumed that the molecules of these substances are 
all small elementary magnets each having its own north-seeking and 
south-seeking poles. In an unmagnetized piece of iron, for example, 
these elementary magnets form closed chains for the elemen- 
tary magnets that are near together must be arranged so that one 
pole of a molecular magnet is near to another of the oi)posite kind 
in a second molecular magnet. When all the molecular magnets 
form such closed chains the iron, as a whole, will exhibit no magnetic 
properties. When the iron is subjected to a magnetizing field each 
molecular magnet wiU experience a couple tending to rotate it so 
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that its axis is in the direction of the field. These couples will be 
balanced by the couples between the magnets which become operatiF© 
when the molecular magnets are displaced from their zero positions. 
To account for the main features of' the magnetization curve Oacd 
shown in Eig. 504 (a) let us consider a group of four molecular mag- 
nets. Initially they, will be arranged somewhat as in Eig. 60*8 (a). 
When a weak field is applied , these magnets assume positions as in 
(5), and until the field is increased beyond the stage represented by 
Fig. 50*4 (a), the rotations of the magnets will be proportional to the 
field, i.e. the shape of the portion Oa of the curve is explained. As 


Fio. 50*8. — Molecular Magnets, 

the field is still further increased a stage is soon reached in which 
the equilibrium of the magnets becomes unstable and the^^ tend 
to arrange themselves with their axes in the direction of the field. 
This accounts for the sharp rise ac in the curve. On increasing 
the field beyond this only small changes are produced in the align- 
ment of the molecules and the specimen reaches the stage of 
saturation — cd. 

The above theory contains no suggestion as to the reason why 
the molecules are magnetic. Modern theory attributes the magnetic 
properties of all substances to the motions of the electrons in or 
among their constituent atoms. The magnetic effects caused by the 
motions of the positively charged nuclei are probably very small. 

Theories of Farama^netization and Diamagnetization. — ^Th© 
fact that the susceptibility of a paramagnetic substance is inversely 
proportional to its absolute temperature, whereas that of a diamagnetic 
substance is independent of the temperature, makes it clear that the 
phenomena must have different causes. Experimental results lead to 
the following conclusions. 

Diamagnetism is a fundamental property of all substances, whereas 
paramagnetism is a possible feature, and when it occurs its effects are 
superposed on those attributable to the diamagnetism in the substance. 
Paramagnetic effects are very much larger than diamagnetic ones, so 
that the latter are masked considerably. Suppose that a body is strongly 
diamagnetic and that its paramagnetic properties are weak ; the body 
will appear to be diamagnetic. When the temperature is raised, the 
paramagnetism disappears and only diamagnetism is left. Actually 
the amount of diamagnetism is unchanged but it will appear to have 
increased. This is the generally accepted explanation of the fact that 
the susceptibility of some diamagnetic bodies does appear to vary 
with temperature. 
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The variation of the susceptibility, among the elements shows a 
periodicity agreeing with that of the Periodic Table. This suggests 
that magnetism is an atomic phenomenon. 

Suggested Theory, of Paramagiietization.— Suppose the elec- 
trons move round the nucleus of an atom in circular orbits. Then 
each electron is equivalent to a circular current which may be replaced 
by its equivalent magnetic shell of magnetic moment M. The direction 
of the axis of the equivalent shell is normal to the plane of the orbit. 
Now, for most atoms, the resultant magnetic moment of the equivalent 
magnetic shells is zero, or else very small. There are some atoms, 
however, such as sodium, in which the size of one orbit is very much 
larger than any of the others, i.e. there is an electron with a large 
orbit, and hence the magnetic moment of such an atom will not be 
zero. Such atoms will tend to align themselves with the axes of their 
resultant magnetic moments in the direction of the applied magnetic 
field ; the material as a whole will become magnetized. Such bodies 
are the paramagnetics. 

^ Now suppose that we have a large number of such atoms the direc- 
tion of the magnetic moment of each being parallel to that of the 
applied magnetic field. As the temperature is raised, the atoms will 
acquire considerably more kinetic energy and the above alignment 
will tend to be destroyed. This accounts, in a qualitative way, for 
the decrease of the susceptibility of a paramagnetic substance with 
rise in temperature. It also shows that any agent tending to alter 
the orientation of the atoms will have a marked effect on the magnetic 
state of the substance, e.g. mechanical shocks. 

Suggested Theory of Diamagnetization.— -The electron theory, 
and also experiment, shows that a conductor carrying a current in a 
magnetic field is acted upon by a mechanioal force— if the magnetic 
field is normal to the conductor, the direction of the mechanical 
force is normal to them both, its sense being given by the left-hand 
rule. 

Now an orbital electron of an atom may be regarded as an electric 
current— in an atom with many extra-nuclear electrons there are many 
such orbits. It may bo shown that the effect of a magnetic field on 
such a system is as if all the charges, as well as moving in their orbits, 
also rotated about the direction of the field. The electron would then 
describe a^ ‘ rosette.* Such a superimposed rotation of electric charges 
will give rise to a magnetic moment in a direction normal to the plane 
of the superposed rotation, i.e. normal to H. The sign of the effect 
is such that the field inducing it is opposed (generai phenomenon in 
electromagnetism). The axis of the induced magnetic moment will 
therefore be ^opposed to the direction of the magnetic field, and the 
substance will therefore appear diamagnetic. Such phenomena will 
be common to all substances, if we assume that all atoms contain 
electrons. Paramagnetism is only shown by atdms having a par- 
ticular type of electron orbit present in them. 

The above is only a somewhat crude picture, but it appears to 
show that magnetism is a derived quantity due to electrons in motion, 
and the natural unit of magnetism would appear to be the magnetic 
m(^ent of an orbital electron. Such a unit is termed the magneton* 

Ferromagnetism is of an entirely different order and its occurrence is 
rare. It must be connected with some peculiar atomic Constitution — 
probably an inter-atomic effect. 
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■ EXAMPLE L ■ 

1. — Distinguisli between the terms intensity of a 7nagnetic field and 
intensity of magnetization. How would you investigate the relation 
between the magnetizing force and the intensity of magnetization for 
a soft iron wire ? What difference would you expect to obtain if a 
steel wire were used ? 

2. - — A cavity of width O-l cm.^ in the direction of the field used to 
magnetize a ferromagnetic material is made witliin that material but 
the cavity is very large in a direction normal to its width. If 
120 erg.unit-poIe.“^ is the work done per unit pole in transferring a 
small magnetic pole across the cavity when the strength of the 
magnetizing field is 20 oersted., calculate values for (a) the permea- 
bility, (6) the susceptibility of the material. 

3. — ^A rod of soft iron, initially immagnetized and 0*20 cm. in 
diameter, lies in an E.-W. direction. The rod is 1 metre long and is 
situated inside a uniformly wound solenoid consisting of one layer of 
insulated wire of 1,920 turns and its length is 120 cm. If a steady 
current of 0-1 amp. is sent tlirough the coil, calculate a value for the 
pole strength of the magnet using the following data : — 


H [Oersted] 

B [gauss] 1 H [Oersted] 

B [gauss] 

0*6 

2,000 1 2*0 

10,000 

1*0 

7,000 [ 6*0 

13,000 


\ 4. — Tliree metres above a laboratory bench is a horizontal steel 

I girder, 4 metres long and of cross-sectional area 60 cm. lying in the 

I magnetic meridian. Calculate a value for the apparent value of 

i at a point vertically below the centre of the girder, if the susceptibility 

' of steel may be taken as 60 e.m.u. and the horizontal component of 

: the earth’s magnetic field as 0*200 oersted. 

I 6.— a tliin iron wire 60 cm, long and 0*02 cm.^ in cross-section is 

i placed vertically so that its upper pole is level with and 10 cm. due ^¥. 

of a magnetometer. The needle is deflected 15°. Given that Hq, 
the horizontal component of the earth’s magnetic field is 0*200 oersted. 

I and that the dip is tan~^ 2*40, calculate a value for the induction in 

the iron, assmning that its magnetism is due entirely to the earth’s 
magnetic field and that the effect of the lower pole on the magnetometer 
I may be neglected, 

' 6. — A magnet 12 cm. long and 0*5 cm.^ in cross-section has a magnetic 

moment 900 erg.oersted.”^ Assuming that the magnetic length of 
the magnet is five-sixths its geometrical length, calculate a value for 
the intensity of magnetization of the material of the magnet. 

7.— A steel rod 36 cm. long (magnetic length = 30 cm.) and 0*06 cm.^ 
in cross-section lies inside a long solenoid having 9 tm*ns per cm. 
^ length. The axis of the rod lies in an E.-W. direction and is initially 

f unmagnetized. A magnetic needle, 30 cm. from the centre of the 

^ rod and due east of it, is deflected 20° when the steady current through 

; the solenoid is 0*5 amp. If Hq, the strength of the earth’s horizontal 

magnetic field, is 0*20 oersted., calculate values for (a) the pole strength 
of the magnet, (b) the intensity of magnetization, (c) the magnetic 
; induction and (d) the permeability of the steel. 

: [Assume thUt the field due to the solenoid has been compensated in 

' the usual manner.] 




CHAPTER LI 


THE DISCHARGE OE ELECTRICITY THROUC4H 
GASES; X-RAYS; RADIO-ACTIVITY 

The Spark Discharge, — ^When a potential diference of 20,000 
volts is established between two terminals separated by about 
1 cm. in air a spark passes. The actual potential difference necessary 
for the spark to pass depends upon the pressure and nature of the 
gas, the shape of the terminals, and their distance apart. The 
discharge is facilitated if a sharp metal point is attached to one 
of the terminals. While the spark lasts there is a considerable 
increase in the electrical conductivity of the gas, and a large current 
may pass. 

The Discharge of Electricity in Gases at Low Pressures.— 
If a p.d. of a few thousand volts is placed across two electrodes 
sealed into a glass tube about 1 metre long and 5 cm. in diameter, 
no visible effect is seen and a sensitive galvanometer placed in the 
circuit fails to detect any current. A side tube leading from the 
above tube to a pump enables the pressure in the apparatus to be 
lowered and when this reaches a pressure equal to that of several 
cm, of mercury a long thin zigzag spark passes between the 
electrodes. When the pressure is reduced to about 1 cm. of mercury 
this spark widens and the tube is nearly filled with a bright column 
of light extending from the anode, the. colour depending on the 
nature of the gas in the tube. It is known as the positive coiu mn. 
When the pressure is about one haff-miliimetre of mercury the 
appearance of the discharge undergoes an entire change. The 
cathode is covered with a soft pale light known as the cathode 
glow^ Just beyond it is a region where colour is practically absent ; 
it is termed the Crookes* dark space, 0, Pig. 51*1. Beyond this 
appears a luminous column known as the negative Its 

position is not influenced by that of the anode so that if this lies 
in a side tube the negative column is not directed towards it but 
goes straight on. A second dark space, P, generally appears beyond 
this column ; it is called the Faraday dark space. It separates 
the negative column from the positive one which has^'now receded 
from the cathode and exhibits many striations. If the cathode 
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and anode have small holes at their centres Inminons effects wil 
now be seen in the regions .beyond them. These will be discnssed 
later. 

When the conditions are such that the effects just described are 
seeny the p.d. necessary to send a current through the tube is a 
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Fig. 61*1.— Discharge of Electricity through Barefied Gases. 

minimum. When the pressure is about 1 x 10’^ mm. of mercury 
the positive column disappears and a patch of green ffuorescent light 
is observed on the glass wall opposite the cathode. It has been 
shown that this effect is due to something emitted from the cathode 
and travelling in straight lines along the tube. This latter fact 
may be demonstrated by placing a metal cross parallel to the 
cathode, when a sharply defined shadow is seen on the walls — 


Fig. 51'2.-^Mica-Cros3. 


cf. Fig. 51-2. If a magnet is placed near to the discharge tube the 
position of the shadow changes, showing that the path of this 
something in the tube has become curved. If an insulated metal 
plate is placed in the path of this something the plate acq^uires a 
negative charge. From these experiments one concludes that 
negatively charged particles travelling from the cathode must be 
responsible f cs^ these phenomena. They are electrons moving with 
a considerable velocity down the tube and are termed cathode 
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' Gatliode Rays.: — The cHef characteristics of these rays are as 
follows ■ 

(а) They travel in straight lines. 

(б) When they strike soda glass they cause it to glow with a vivid 
green fluorescent light. 

(c) When they are allowed to fall upon certain fluorescent 
materials many brilliant hues are produced. 

id) They can pass through thin sheets of aluminium foil without 
causing them to be punctured. Lekaeb first showed that this was 
possible and found that the rays were able to travel a few centi- 
metres in air. The air glowed with a reddish violet light. The 
distance travelled by the rays in air could be determined with the 
aid of a fluorescent screen. When the screen was moved away 
from the aluminium window in the tube a point was reached when 
the screen failed to fluoresce. It was assumed that the cathode 
rays had then been brought to rest owing to frequent encounters 
with the air molecules in their path. 

(e) The rays exert a mechanical force on the object with which 
they collide. The following experiment used to be cited in proof 
of tills statement. If a small paddle with mica vanes is placed in 
the path of the rays and mounted on glass rails the paddle moves 
away from the cathode. This effect, however, is practically nothing 
more than a radiometer effect, for the actual force due to the 
electrons is less than one dyne. 

(/) When the rays strike an object the temperature of the latter 
may rise considerably. 

(g) They are deflected both by a magnetic and by an electrostatic 
field. 

The Nature of Cathode Rays. — The fact that cathode rays 
were deflected by magnetic and electrostatic fields finally enabled 
the nature of these new rays to be estabhshed. For a long time one 
school of thought had maintained that they were a kind of invisible 
light travelling in waves through space, whereas another main- 
tained that they were streams of negatively charged particles 
shot off from the cathode with considerable velocity. The pioneer 
work on this subject was carried out by Sir J. J. Thomsoh who 
showed that they were negatively charged particles— or electrons. 
Their mass was about that of an atom of hydrogen and 

their velocity, depending, among other things, on the applied p.d. 
between the electrodes, ranged from one-thirtieth to one-third that 
of light, i.e. from 10® to 10^® cm, sec.'”^ 

Eig. 51 ‘3 is a diagram of an apparatus used by SiE J. J. Thomson, 

6 

to measure the velocity, v, and the ratio of the pharge to the 
mass of an electron. This ratio is sometimes termed the specific 
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charge of the electron. - C is the cathode and A the anode,- 
with a slit. 1 mm. wide in it. Some of the cathode rays shot 
off from C when a suitable p.d. is applied to the tube which 
is filled with air at an appropriate pressure pass through A. 
The end S of the tube is covered with zinc sulphide which 
fluoresces at the point where the cathode rays strike it. 
Arranged on either side of the apparatus is a solenoid through 
which a current is passed. Wlien these solenoids are excited the 
position of the bright spot on S changes. From the deflexion of 
this spot when the current through the solenoid is reversed, the 

77tV 

ratio ~ is determinable when the strength of the magnetic field is 

known. H and K are two parallel plates in the tube and a known 
potential difference is applied to them. This electrostatic field also 
causes the spot of light to be displaced. It will be seen that the 


electric and magnetic fields are at right angles to one another 
Whichever type of field is applied the deflexion is then in the 
same straight line. The directions and magnitudes of the fields 
are then selected so that the spot of light remains in its zero 
position when the fields are simultaneously applied. The velocity 
of the rays may then be determined. By combining these results, 
e/m may be calculated. 

The dotted circle, M, with its anticlockwise current is merely 
a conventional way of showing that the north pole of the ‘ deflect- 
ing magnet ’ is above the 
plane of the paper, 

Millikan's Method for 
the Determination of the 
Charge on an- Electron.— 

The experimental arrange- 
ment ' used' by Millikan 
for the purpose of deter- 
mining the charge on an 

electron is shown diagram- . utmti » a ^ r t. x 

. ® . Fig. 51*4. — ^Millikaii’s Apparatus for Detex- 

matically in hig. 51*4. A mining the Eiectromc Charge, 
cloud of very small oil 

droplets was produced in the chamber A containing very pure 
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air. Tke drops were produced by means of a spray or nebulker. 
These drops acquired a negative charge through friction and fell 
slowly downwards. A few of the drops found their way through 
a small opening' in the base of the chamber. This base constituted 
the upper plate of a parallel plate condenser BO. These plates were 
horizontal, so that when they were charged the electric field at 
the centre was directed along the line of action of gravity. The 
above plates were insulated from one another by quartz rods 
and Q 2 accurately ground so that the vertical distance between 
the plates was constant and the field at the centre of the condenser 
therefore uniform. A telescope enabled individual drops — such as 
D — 'tc be observed when they were suitably illuminated by an arc 
lamp. This lamp was at a considerable distance from the appar- 
atus so that the air between the plates of the condenser should 
not be heated, and any heating effect was further reduced by 
placing a water cell between the lamp and the experimental chamber. 
Moreover, to diminish the effect of convection currents in BC these 
were made negligibly small by placing the apparatus in a thermostat. 

The telescope was provided with horizontal cross-wires and the 
time of fall of a droplet past these wires could be measured. 
The electric field was then suitably directed, and its magnitude 
chosen so that that the drop rose slowly : the time of transit 
across the wires was noted. The field could then be made zero 
(it is necessary to use a specially designed switch so that both ’ 
plates of the condenser are automatically earthed when they are 
disconnected from the charging battery) and the experiment re- 
peated. All this was done with one and the same drop and the 
charge on the drop could then be determined. 

If in the course of the experiment the charge on the drop altered 
accidentally, or was altered by exposing the air between the 
plates to an ionizing agent — X-rays for example — ^the charge on 
the particular drop was always found to be an integral multiple of 
a certain elementary charge, 6, which is the charge carried by one 
electron. The atomic nature of electricity was thereby established. 

Millikan found that 

e = — 4*774 X c.g.s. electrostatic unit of charge 
= — 1*591 X coulomb. 

[In passing we note that since the charge on a gram -ion is 
96,450 coulombs, it follows that L, the number of atoms in, a 
gram-atom, is given by 

L 6*06 X 

This is termed Loschmidfs or Avogadro's number.] 
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'.Positive Rays* — If the cathode C, in Fig. '51*1, 'is drilled by a 
hole about 2 lam., in. .diameter rays will be seen in the region CD*. 

■ These are termed canal or positive rays. They are deflected by 
electric and magnetic fields in directions contrary to those in 
which electrons are deflected. The magnitudes of the deflexions 
are much smaller for canal rays than for electrons. It has been 
shown that, in their simplest form, these rays consist of atoms which 
have lost an electron, i.e. atoms with a positive charge. By observ- 
ing these deflexions Sir J. J. Thomson was able to calculate the 
masses of the atoms in the discharge tube. About 1919 Astok 
improved this method of investigating the nature of a sub- 
stance and showed that the values of the atomic weights of the 
elements as determined by chemical analysis were only average 
values. For example, chlorine with an atomic weight 35*46 as 
determined by chemical means, was found to be a mixture of two 
difl:erent chlorine atoms having atomic weights 35 and 37 respec- 
tively. Substances having difierent atomic weights but chemically 
indistinguishable from one another are termed isotopes, 

Rontgen Rays or X-rays. — ^In 1895 Rontgeh discovered that 
in addition to the green fluorescent light emitted from the point 
where glass was hit by cathode rays, this point was also the source 
of some invisible rays. These rays, unlike the cathode and positive 
rays, were not deflected by electric and magnetic fields/ Moreover, 
he was unable to cause them to be diffracted or to produce inter- 
ference effects. It was not until 1912 that Sib W. H. Beagg and 
his son (now* Peof. Sie W. L. Beagg) 
showed that these rays did produce (1?) 

diffraction patterns when the structure of 
the diffraction grating was sufficiently fine. | 

Cr^T-stals were the gratings they used. 

They proved that Rontgen rays were very X 
short electromagnetic waves and there- / / \ 

fore only differed from other light waves / j 

in the shortness of their wave-lengths. I 1^ j 

The Gas-filled ' X-ray Tube.-— An ' . V \ / ■ 

X-ray bulb of the type generally in use 
until aboul 1916 is showm in Fig. 51*5. I 1^1 

The tube was exhausted until the pressure 
in it was about 3 X mm. of mercury. i 

C is the cathode, slightly convex, and A || 

' IS' the anode or anticathode as it' is now 
generally termed. E is a second anode o 

connected to the fij*st. The exact part 
played by* this electrode is not known ’ 

and sometimes it is not fitted. When A and C are connected to 


Fig. 61-5.’-“Gas-fii!©d 
X-Ray Bulb. 
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the terminals of a large induction coil so that C is at a negative 
potential with respect to A [the discharge from an mduction coil 
is practically unidirectional] a beam of cathode rays conTCrgmg 
upon the anticathode is produced. This becomes the seat of X-rays, 
which are produced whenever the motion of a swiftly movmg 

electron is suddenly arrested. x -i ^ 

When such a tube has been in use for some time it may fail to 
act. This is because the gas in the tube, which is essentia,! for its 
operation, has become used up, i.e. the tube is R is 

' softened ’ by heating with a bunsen flame the palladium 
D which, when hot, allows hydrogen to pass through into the bulb. 

W 1913) CooLinoE revolutionized X-ray technique by the intro- 
duction of a bulb fitted with a hot cathode. Fig. 51-6 shows a 
modern form of such a bulb furnished with two arms and exhausted 
as completely as possible. The one arm carries the wires conveymg 



Fio. 61-6.— Coolidge X-Bay Tube. 


the current necessary to heat a tungsten filament F. When this 
is heated to about 2,000° C. a copious supply of electrons is emitted. 
A few centimetres away from the filament is the anticathode A, 
inclined at 45° to the axis of the tube. The filament constitutes 
the cathode. It is surrounded by a hemispherical cap to focus 
the cathode rays on the target. When a large p.d. is applied to 
the tube the electrons are hurled with enormous velocity upon the 
anticathode where they are suddeiily brought to rest and some 
of their energy emitted in the form of X-rays. A considerable 
amoimt of thermal energy is dissipated at the anticathode ; this 
heat is conducted along the thick copper rod, C, supporting the 
anticathode, to the radiating fans R. 

A transformer supplying a high alternating p.d. may be used 
with this latter tube which only allows the current to pass when 
A is positive with respect to F , i.e. the tube acts as its own rectifier. 

Hard and Soft X-rays.— The penetrating power of the X-rays 
from a gas-filled X-ray bulb is greatest when the amount of gas 
in it is very small. The highly penetrating radiations from such 
a tube are often termed ‘hard’ X-rays; the rays from a tube 
in which the degree of vacuum is not so high, and which requires 
a lower potential difference across it to work, are termed ‘ soft ’ 
X-rays. In the tube with a hot cathode, the hardness of the rays 
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Fig. 61’7.“— An X-ray Installation. 

primary circuit for High-frequency currents. Tliis prevents a possible 
breakdown in the primary circuit. With tliis arrangement no rectifying 
device is necessary since the tube acts as its own rectifier. 

To protect the operator from X-rays the tube should be enclosed 
in a wooden box covered with lead at least 3 mm. thick. An aperture 
in the side of the box enables a portion of the rays to be used for 
experimental purposes. 

Suppose that the filament ceases to emit electrons. ^ The trans- 
former is then supplying no cuirent so that the potential difference 
across the tube rises. To prevent this from fracturing the tube a 
spark gap G is placed in parallel with the tube. The distance between 
its extremities is such that a discharge takes place across it when the 
potential difference applied to the tube tends to increase beyond its 
working limits. 

Some Properties and Applications of Rontgen Rays* — 
X-rays render a photographic plate sensitive to a developer. If, 
therefore, an object, such as a human hand, is held between a 


X-RAYS 


depends upon the potential difference across the tube ; i.e. the 
higher the voltage the more penetrating is the radiation. 


An X-ray Installation. — ^An installation for the working of an 
X-ray tube of the hot filament type is shown in Fig. §1*7. P is the 
primary of an induction coil, T^ and Tg being the terminals. These 
are connected to an a.c. source of supply, the current being controlled 
by a suitable resistance, or, more economically, by means of a choke. 
One lead from the secondary S is earthed and connected tliroiigh a 
miiliameter, MA, to the anticathode end of the tube. The other lead 
from the secondary is connected to the cathode. The cathode is a 
tungsten wire filament heated by the battery B. The filament current 
is controlled by a resistance R, and its value indicated by the ammeter 
A. Two pieces of metal, in the form of triangles, are connected to 
Ti and T^ and adjusted so that their points are about 1 min, apart. 
If any high frequency e.m.fs. are induced in the primary a spark 
passes between these pomts owing to the high impedance of the 
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source of X-rays and a photograpMo plate, wMch. is afterwards 
developed, a radiograpli is obtained, i.e. there is produced an X-ray 
picture of the object. The X-rays are absorbed more by bone than 
by flesh, therefore the rays which traverse the bone are much reduced 
in intensity, so that their effects on the salts in the photographic 
plate are similarly diminished. If the subject which is under 
examination contains foreign metallic bodies, e.g. bullets, or coins 
and buttons which may have been swallowed, then the absorption 
of the X-rays is still more marked, so that the position of the 
metal can be located. In order to ascertain the depth at which 
such objects lie, two radiographs are taken at right angles to each 
other. If trouble is suspected along the alimentary canal, a large 
dose of bismuth is administered before a patient is examined. 
Bismuth compounds absorb Bontgen rays very easily, so that the 
alimentary canal, which contains the bismuth, stands in high 
relief against the rest of the picture. Nowadays, owing to the 
high cost of bismuth, barium sulphate is often used. 

Some Further Uses of X-rays. — Bontgen rays find much 
application in detecting the presence of flaws, such as cracks and 
blow-holes, in metallic bodies. Where such faults occur the rays 
are transmitted more easily than elsewhere, so that a photograph 
reveals the defect easily. During the last few years, Bontgen 
radiation has been used to discover the arrangement pf the atoms 
in crystals. Under certain conditions X-rays are reflected from the 
layers of atoms in the crystal so that, by measuring the angle of 
deflexion, the distance between the atoms can be calculated. In 
this way it has been shown that sodium chloride consists of small 
cubes at the corners of which the atoms are placed. Diamond and 
graphite are both allotropic modifications of the same element, 
but X-rays have shown that their structures are different. In 
diamond the carbon atoms are packed very closely together— 
hence its hardness ; in graphite the atoms are so arranged that a 
certain plane of atoms is easily moved parallel to itself— hence 
the use of grapMte as a lubricant. 

The Ionization of air by X-Rays.— In general air does not 
conduct electricity. If this had not been so it would not have been 
possible to charge a body which was in contact with the air, nor 
for it to retain its charge for a considerable time. Towards the 
end of the last century it was noted that air, and other gases, 
could become conductors. In 1882 Giese first recognized that the 
conductivity was due to the fact that the gas atoms had become 
ionized, i.e. the creation of positive and negative ions in the air 
renders it a conductor. Gases, however, never ionize spontaneously 
^ — ^an external agent such as X-rays (or a radioactive Itnaterial) is 
necessary. 
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Let us suppose, that the air between two metal plates is ionized 
by X-rays and that the current between the plates is measured for 
different potential differences across them — cf. Fig. 38*6. A curve 
similar to that in Fig. 51*8 will be obtained. At smaE potential 
differences the ions move slowly towards the appropriate plate 
and if the X-rays continue to act there win be a current between 
the plates. But all the ions formed wall not reach the plate for 
recombination occurs, i.e. neutral atoms are formed. ^Tien the 
potential is increased a stage is soon reached at which the ions 
move so quickly that only a negligible amount of recombination 


Potential cfiffenence 
Fig. 51*8. 

occurs. When this happens the current is a measure of the intensity 
of the ionizing agent for the number of ions reaching the electrodes 
in unit time is equal to the number of ions produced per unit time 
by the agent. Increasing the potential cannot increase the current, 
which has reached its saturation value. But if the increase in 
potential is considerable the ions may acquire sufficient velocity for 
them to create new ions by collision. When this occurs the current 
rises rapidly, the conductivity increases enormously and if the 
applied potential difference is sufficiently high a spark passes. 
The variation of current with potential when air is ionized by any 
ionizing agent does not obey Ohm’s law. 

Radium and Radio-active Substances.— The discovery of 
radioactive substances arose out of an attempt to find out whether 
natui’ally occunmg substances emitted any penetrating radiations 
simEar to that which had been discovered by Eontgen in 1895. 
How the Eontgen or X-rays are characterized by the fact that they 
are able to penetrate considerable thicknesses of matter, ionize a 
gas, i.e. render it conducting, and cause luminescence on a fluorescent 
screen, both before and after passing through matter, although 
their efficieisoy ' m this , respect is then considerably reduced. It' is 
not surprising, therefore, to find that the substances which were 
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examined were those capable of glowing [i.e. phosphorescing] under 
the influence of light. Professor Hehri Becqueebl placed a salt 
of uramum near to a photographic plate. After several hours a 
distinct mark was discerned on the developed plate — such a mark 
still persisted even when a thin silver screen was placed between 
the uranium and the plate, so that the darkening could not be due 
to any action between the silver salts in the film and any possible 
vapours emitted by the uranium. In addition, it was found that 
the radiation from uranium had properties similar to the above 
mentioned properties of X-rays. The Cueies suspected that the 
uranium they were using might contain a constituent far surpassing 
in activity that of the uranium itself. In 1898 Mmb Cueie isolated 
one of the salts of radium showing these remarkable properties to 
a very high degree, in fact its radiations were far more intense than 
those from the original mixture. It is now realized that radium 
is a by-product in the process of the emission of radiation from 
uranium. In 1903 Rxjthebeoed and Sonny advanced the view 
that these phenomena must be attributed to the spontaneous dis- 
integration of the atoms themselves ; in this process new elements 
were formed which had properties different from the primary sub- 
stances in which they had their origin. In the case of radium one 
of the products of the atomic explosion is the so-called alpha-- 
particle — ^this consists of a helium atom which has lost two elec- 
trons and which is hurled forth with a velocity approaching that 
of light. These particles possess an enormous amount of energy, 
so that when they impinge upon a screen of zinc sulplude the 
arrival of each alpha-particle manifests itself as a momentary flash 
upon the screen. 

Soon after the discovery of these substances it was observed that 
the emitted radiations caused flesh to decay — ^it was hoped that 
such substances would be useful in checking and perhaps retarding 
some of the malignant growths to which mankind is subject. But 
whilst such experiments are still in progress and the results are 
promising, no definite conclusion has yet been reached. 

Alpha-, Beta-, and Gamma-rays. — In 1899 Rtjthebeoeb 
showed that three distinct kinds of rays were emitted by radio- 
active substances. Fig, 61*9 shows schematically the action of a 
strong magnetic field normal to the plane of the paper on a narrow 
pencil of rays emitted from a small quantity of radium placed at 
the bottom of a narrow hole drilled in a block of lead. [The direction 
of the field is indicated in the conventional manner shown at the 
side of the diagram.] The a-rays are deviated slightly to the left 
while the jS-rays suffer a much larger deviation to the right. The 
y-rays are not influenced by the magnetic field. ^ Erom^^^ ^^t^^ 
deviations thus produced we conclude that the a-rays carry 
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positive cliarges wMlst the /3-rays carry negative charges. From 
similar' experiments made to discover the action of an electric 

field on these rays the ratio— for the a and jS rays, has been deter- 
mined. The a-rays are now known to be swiftly moving helium 
atoms which have lost two, electrons, i.e. they 
are positively charged. These rays are able Y 

to pass through thin sheets of metal or glass, c6. ^ 

but they are completely absorbed by an Ij ^ h 

alumimum plate 5 mm. thick. The ^-rays % j 
are nothing else than electrons moving with 
enormous velocities, i.e. they are cathode rays W P ^ 

moving with velocities much greater than 
those of the cathode rays we have previously 
studied. They are able to pass through the ^^and a 

above aluminium plate. The y-rays are now Magnetic Field, 
known to be very penetrating X-rays, i.e. 
their wave-lengths are about 100 times less than those from an 
X-ray bulb. These rays have remarkable penetrating powers and 
the intensity of the most penetrating y-rays is only reduced to one- 
half by sheets of lead 14 cm. thick. 

In the section of this book dealing with optics a short discussion 
of the Newtonian corpuscular theory and of Huyghens’ wave theory 
of light was given. The former asserted that light consisted of a 
swarm of rapidly moving material particles, whereas Huyghens 
maintained that in optics we had to deal with the propagation of 
a state of motion. Now X-rays are a form of radiation having 
definite wave-lengths, whereas cathode rays are material particles 
moving with high velocities. In the instance of radioactive sub- 
stances both types of radiation are found, i.e. some is corpuscular 
while the other is a form of light with a very short wave-length — 
far shorter than that of the rays emanating from an X-ray tube : 
even so, these radiations are grouped together under a common 
heading, for they transmit energy with great velocity through space. 

A remarkable fact about radium is the enormous amount of 
energy which it emits as radiation. In the early days of radio- 
active discovery much speculation arose concerning radium as a 
possible perpetual source of energy, but the emission of radiation 
from a radioactive body is accompanied by a , diminution in its 
mass, so that the ideal of the old alchemist remains as great an 
enigma as ever. A natural consequence of this large emission of 
energy from a radioactive material is that if a radium salt, con- 
tained in a tube, is placed in water, the temperature of the water 
rises. Callbkdae succeeded in measuring the small heating effect 
due to 0-001 gm. of radium (in the form of radium chloride) by 
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means of an apparatus which he designed. The heating effect of 
the radioactive substance under examination is neutralized by the 
absorption of energy which occurs when an electric cuiTent is 
passed across the junction of two metals-^ — ^the direction of the 
current must be such that energy is absorbed. The radioactive 
substance and the thermojunction were enclosed in a copper 
cylinder, and the electric current adjusted until there was no 
difference of temperature between the cylinder and an outer copper 
sphere. It was found that 1 gm. of radium emits energy at a 
rate of 130 cal. hrr^ This it continues to do for centuries. 

The Nature of a-rays.—The direction of the deflexion of a- 
rays in a magnetic field shows that they are positively charged 

particles. The value of - for these rays and their velocity may 

be obtained by compensating the deflexion of the rays in a mag- 
netic field by an electric field arranged at right angles to the magnetic 
field and measuring the deflexion in either field alone as described 
on p. 995. For our present purpose it is convenient to take as 
our unit of electric charge that of a mono-valent positive ion, viz. 
4*77 X 10“^® e.s.u., and as the unit mass that of a hydrogen atom, 

e 

viz. 1-66 X gm. In terms of these units - for a-rays is 

Hence an a-ray is either a particle having a single elementary 
charge and an atomic weight 2, or else one with a charge 2 and a 
mass 4. Other possibilities naturally suggest themselves. Let us 
see how the problem was solved. 

In an earlier section it has been mentioned that a-rays produce 
luminescence whenever they strike a fluorescent screen. If this 
screen is examined with the aid of a low-power microscope, it is 
found that the arrival of every a-particle is accompanied by a 
momentary flash of light, a fact indicating that these rays are dis- 
crete particles. These flashes of light are tevmed scintillations, 
and by counting the number of these occurring in a measured 
time interval it is possible to determine the number of particles 
sent out from a speck of radium at the apex of a cone whose base 
is the screen on which the a-rays impinge. It is only the a-particles 
lying within this cone that are counted. The total number emitted 
per gramme of radium per second in all dffections is easily deduced. 
If we are able to measure the total charge associated with the same 
number of particles, the charge on each particle follows at once. 
To measure the total charge on a known number of particles a 
minute source of the a-rays is placed in a vacuum and a charge 
collected in a given time by a metal plate, situated in the same 
vessel as the radioactive material, determined with the aid of an 
electrometer. Since an electrometer measures changes in potential 
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it is ■ necessary to know tlie capacity of the instrument and its 
oonnections if the rat© at which its charge changes is to be deduced 
from the rate at which the potential difference of the quadrants 
waries. The number of rays striMiig the plate is' derived from the 
geometry of the system, etc. The charge on each particle was 
found to be 9*548 X 10'”^® e.s.u. or 2e, where e is the charge 
carried by a hydi*ogen ion in electrolysis, and ■— e the charge on 

an electron. Since — is equal to it follows that the mass of the 

9 ) 1 / 

a-particle must be 4, i.e. four times the mass of a hydrogen atom. 
It therefore seems that alpha particles might be ionized atoms of 
helium. To test this possibility, Rutherford allowed the alpha 
particles to penetrate through the walls of a very thin glass chamber 
into a discharge tube where the gas pressure was so low that no 


discharge could be passed through. At jSrst no change occurred, 
i.e. no discharge of electricity took place when the electrodes were 
connected to the terminals of an induction coil. After a few hours 
sufficient a-particles had penetrated into the tube for a discharge 
to occur and the helium lines appeared when this was examined 
spectroscopically. The intensity of the lines in this spectrum in- 
creased as more a-particles penetrated into the discharge tube. The 
alpha particle is therefore an atom of helium which has lost two 
electrons, and therefore cames a charge 2e. According to modern 
atomic theory an alpha particle is the nucleus of a helium atom, i.e. 
it is that part of a helium atom remaining when the latter has been 
deprived of its two outer electrons. 

Alpha particles are characterized by the fact that after they 
,, have proceeded a certain distance in air they are no longer able 

to ionize the air. This phenomenon was discovered by Sir W. H. 
Bragg in 1904. His apparatus is shown diagrammatically in 
Mg. 51*10 (a). A layer of radioactive material is placed at 0, a 
point on the bottom of a leadffined box and some of the alpha 
particles emerge from a hole A in the lid of the box. B and C 
are the plates of a condenser, B consisting of a piece of wire gauze 
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so that the a-particles may pass into the condenser. By means 
of an electrometer the current between the condenser plates is 
measured. This is done for various distances of the condenser 
from the source. Since aU the oc-particles in the narrow pencil pass 
into the region between B and C, the variation of the current with 
distance is a direct measure of the ionization produced by the 
a-rays at different points of their path in air. The manner in 
which the current varied is indicated in Fig. 51*10 (6). At first 
the ionization current is almost independent of the distance. Then 
it increases to a maximum and finally falls very sharply almost 
to zero. If /? and y rays are present there is always a small residual 
ionization ; this remains practically unchanged as the condenser 
is moved beyond the range of the a-particles under investigation. 
The distance OR is taken to he the range of the oc-rays in air under 
the prevailing pressure conditions. 

The a-particles emitted from a radioactive source have a very 
high energy content. When they collide with an atom they may 
knock out one of the extra-nuclear electrons of this atom. In 
doing this, the energy of the a-partiole is decreased, but as it 
proceeds more and more collisions occur. A trail of positive and 
negative ions is therefore left behind, and the a-particle continues 
to operate in this manner until its velocity falls below a certain 
critical value when it is no longer able to eject an electron from an 
atom with which it may collide. 

The Nature of /?-rays.— From the deflexion of these rays in 
magnetic and electric fields it was soon apparent that /S-rays were 

'6 

high-speed electrons. By means of methods already described - 

and the velocity of these rays were determined. The values ob- 

6 ‘ 
tamed for — , however, were not constant but the maximum value 
m 

was the same as that for the electrons in a discharge tube across 
which the potential difference was not very great. The rays for 
which the specific charge was a maximum were the slowest. Now 
according to the theory of relativity the mass, m, of a body is 
related to its mass, Mq, when it is stationary— -its so-called * rest- 
mass —by the equation 




VT^’ 


where ^ : 


(c is the velocity of light in a vacuum). 


Hence 


i = -ivr=^. 

m ^ 


Bijohebee investigated the validity of this forimda and his 
results were in agreement with it. 
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^-rays, TinJike tlie a-rays, are not cliaracterized by a definite 
ranp in air. This is . because they are electrons and although 
their speed may be high their mass is small compared with that of 
an a-particle. When they ionize a gas atom by colliding with it 
they are deviated from their paths. The path of a /S-ray in a gas 
at atmospheric pressure is therefore an irregular and devious one. 

The Nature of y-rays. — Since y-rays are not deflected when 
subjected to the action of magnetic and electric fields they are 
regarded as being X-rays of very short wave-length. We have 
seen that X-rays are produced when swiftly moving electrons are 
stopped. It is believed that the y-rays have their origin when a 
j3-ray is stopped by the material responsible for its origin. 

Helium from Radio-active Minerals. — ^The stop-cocks H and 
K of the apparatus slio^vn in Fig. 51-11 are opened so that the 
apparatus is exhausted. The tube B containing a small quantity of 
freshly ignited charcoal is then cooled to liquid air temperature so 
that traces of gases and vapours still in the apparatus are absorbed. 
When this occurs an induction coil connected to the electrodes Tj 
and T 2 fails to excite the tube C to Imninescence. A small quantity 
of oleveite — a radio-active mineral — ^previously placed in A is then 
heated when gases are evolved. These pass over the charcoal which, 
at the temperatme of liquid air, possesses the property of rapidly 


^ToPump 


Fig. 51-11. 


absorbing such gases as air, carbon dioxide, etc. As the heating is 
continued and the induction coil kept in operation a faint yellow glow 
appears in the discharge tube. The intensity of this glow increases 
as the experiment continues. It is due to helium which, together 
with other gases, has been occluded in the mineral-— the charcoal 
absorbs these other gases but not the helium. This helium is produced 
when the alpha particles ejected from the radio-active matter lose 
their positive charges and the normal helium atoms produced remain 
embedded in the cleveite. Wlien the mineral is heated this helium, 
which is radip -active in origin, is expelled along with other gases which 
are always occluded in solids. 
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Cosmic Rays. — For a long time evidence has gradually been 
accumulating to show that at the earth’s smiace there is highly 
penetrating radiation very similar to y-rays. For example, a gold- 
leaf electroscope slowly loses its charge even when the leak along 
the support of the leaves is prevented. The rate at which this 
charge is lost increases when the observations are made at high 
altitudes. This suggests that this radiation comes from space. 
MTTj.TnRTA-N - hm recently carried out a number of experiments in 
this connection and he has found that the rate of leak of the 
electroscope from this cause decreases when it is sunk to dif- 
ferent depths in lakes. The origin of these cosmic rays is un- 
certain. 

Tliermionics. — When certain inorganic salts are heated positive 
ions, i.e. atoms or molecules charged positively, are emitted. Thus 
impure aluminium phosphate emits sodium ions. Metal wires 
emit both positive and negative ions when heated, but at temper- 
atures above 1,000® C. the emission consists almost entirely of 
electrons and are termed thermions. 

The Diode. — This consists of a highly exhausted glass vessel 
with a tungsten filament F and a collecting plate (or anode) P. 
A diode and its connections are sho\vn in Fig. 51*12 (a). The 
filament is heated by current from a ceil, C, controlled by an adjust- 
able resistance, R. The negative end of the filament (by convention) 


y 



Conventlondi curnent 



Fia. 51-12. — The Diode. 

is connected through a milliammeter, MA, to the negative end of 
the battery B. The plate P is kept at a positive potential, measured 
by a very high resistance voltmeter V, with respect to the filament. 
When the temperature of the filament is sufficiently high electrons 
are emitted from it and most of these are coilected at P. By 
varying the accelerating voltage, while the current through and 
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hence .the , temperature of the filament, are maintained co,nstaiit,j 
and measuring the anode current, curves s imil ar to (i), Fig. 5T12 (5), 
wiR be obtained. Curve (ii) is obtained when the filament tempera- 
ture' is increased. They constitute , the characteristic curves of 
the diode. The first part of each curve obeys a f power law, 
i.e. I oc V^, but eventually each becomes paraM to the ^r-asis showing 
that the current approaches a saturation value. This state of 
affairs is reached when all the electrons aiTive at the collecting plate. 
It is most readily obtained when the plate P is cylindrical and 
entirely surrounds the filament. If, as frequently occurs, the 
filament is in the form of a loop extending beyond the ends of the 
cylindrical electrode, saturation is not so easily obtained. The 
dotted curves in the diagram are typical and it will be noted that 
the saturation current is approached more closely when the tempera- 
ture of the filament is low. When the filament is hot, its tip, which 
is cooler than the rest since it is held in a support, is also emitting 
electrons and high voltages are required to bring all these to the 
plate. 

It will be noted that the relation between voltage and current is 
not a linear one, so that Ohm’s law is not valid in this instance. 

If the plat© P is connected to the negative end of the high-tension 
battery no plate current is obtained. It therefore follows that 
when such a tube is connected to a source of alternating current 
the current will only pass in one direction, i.e. the current has been 
rectified. 

Ejiyample.— Electrons from a hot filament are shot across a vacuous 
space to a collecting plate maintained at a potential of -f 100 
volts relative to the filament. Assuming that the specific charge for 
electrons is 1*77 X 10’ e.m.u. gm.-^, calculate the velocity of the 
electrons when they reach the plate. 

1*77 X 10’ e.m.u. gm.~^ 

Now 1 e.m.u. of quantity ^ 3 X 10^° e.s.u. of quantity. 

— = 1-77 X 3 X 10^’ e.s.u. 
w 

Also 100 volts = J e.s.u. of potential difference. 

Let V be the velocity required. Then kinetic energy == ftnv®. But 
this is equal to the work done by the field on the electron, viz. eV ergs 
where e and V are in ©.s.ii. Hence 
= eV. 

■ _/277TV . - 


=== V3-54 X 10*’ 


= 6 X 10® cm. sec," 


PST.B . — ^ - ae 0*02, i.e. the velocity of the above electrons is one- 
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■ Photoelectricity. — Hebtz and others in their experiments on 
the discharge of electricity through gases noticed that the discharge 
between two terminals took place more easily when the spark gap 
was illuminated. In this respect ultra-violet light was more 
effective than rays from the visible or infra-red regions of the 
spectrum. Hallwachs soon afterwards showed that this pheno- 
menon depended on illumination of the cathode. Further investiga- 
tions by Elstbb and Geitbl, and by Lekabd, proved that when 
metals are illuminated they emit electrons — ^the so-called photo^ 
electrons. 

Experiment , — Connect a zinc plate to an electroscope and charge 
it negatively. Then allow light from an arc lamp (rich in ultra-violet 
rays) to fall on the plate. Its potential diminishes rapidly, due to 
the escape of electrons from its surface. 

Repeat the above with the plate charged positively. Its potential 
does not change since the positive charge on the plate prevents the 
electrons from escaping. 

A more exact study of the photoelectric effect may b© mad© 
with the apparatus shown in Fig. 51-13. The plates A and B are 



enclosed in an exhausted glass tube fitted with a quartz window W 
and connected to the positive pole of a high-tension battery and to 
the insulated quadrants of an electrometer, Q, respectively. The 
negative pole of the battery is earthed. The key, K, enables the 
electrometer to be discharged before commencing the experiment. 
When this is removed and ultra-violet light allowed to fall on B 
the electrometer needle begins to move, showing that electrons are 
emitted from B. 

It is now known that no photoelectrons are emitted unless the 
frequency of the incident Taxation is greater than a certain value 
characteristic for each metal. Thus for sodium there is no photo- 
electric effect unless the incident light has a frequency greater than 
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about 5 X 10^^ (peen light). Thus blue light (shorter wave-length 
and therefore peater frequency than peen light) falling on sodium 
causes the emission of many photoelectrons. If red light, however, 
is used no such emission occurs even if the light is incident for 
years — theory suggests it to be impossible. . 

Three important generalizations with reference to the emission 
of pliotoelectrons are as follows :~ 

(а) The number of electrons emitted per second is directly pro- 
portional to the intensity of the incident radiation. 

(б) The kinetic energy of the electrons is independent of the 
intensity of the light. 

(c) The kinetic energy of the electrons increases with the 
frequency of the incident light according to the following law due 
to Eikstein : — If m is the mass and v the velocity of an electron, 
V the frequency of the incident light, and vq the characteristic 
frequency for the particular metal under investigation, then 

where li is a universal constant, termed Planck’s constant. It is 
equal to 6*55 x erg. sec. 


EXAMPLES LI 

1. Give a sketch of two tjqses of X-ray bulb and explain how the 
rays are produced. What are the cliief properties of X-rays ? 

2. Describe how cathode rays and Rontgen rays may be produced. 
What are the essential differences between these two types of rays ? 

3. Give a short account of the more important emanations from a 
radio-active substance. 

4. — ^Electrons enter a uniform magnetic field of intensity oersted 
in a direction at right angles to the lines of force. In what time do the 
electrons describe a complete circle? 

5. -— A beam of electrons is emitted from a hot filament in an easterly 
direction. The horizontal component of the earth’s mapetio field 
(0*2 oersted) deflects the beam into a circular arc of radius 2 metres. 
Calculate a value for the velocity of the electrons. Through what p.d. 
must the electrons fall in order to acquire this velocity, assuming that 
the velocity of escape is zero ? 

6. —A drop of oil, density 2*0 gm. cm.'* and radius 0-0001 cm., carries 
a charge of four electrons. What p.d. must be applied between the 
plates of the condenser in Millikan’s experiment in order that the drop 
may float if the plates are 6 mm. apart ? Also calculate the maximum 
rat© of fall of the drop when the electric field is removed, if the viscosity 
of air at 16° C., the temperature at which the experiment is carried 
out, is 1*80 X 10~^ gm. om.“^ sec.-^ 


Al^SWERS TO THE EXAMPLES 



XXXV. (2) 28-6 e.s.ii. (3) 0-30 dyne. (4) 0-92. dyne. 

XXXYI. (1) 3'37 cm., 5*91 e.s.u. (2) 7-5 e.s.n., 2250 volt. (3) 28 cm. 
(4) 0-79 e.s.n. less. (7) 0-040 e.s.n., 0-10 erg. (9) 31*4 erg. 

(16) 1*25 X 10^ erg., 40 volt., 1-00 X 10^ erg. (18) 28-3, 20, 20; S-33, 0, 
0 e.s.u. 


XXXVII. (2) 1-77 dyne., 6-19 dyne. (3) ~ 2-65 e.s.u. of charge, 
4-42 X 10"'^ dyne. cm.~^ (4) k — 2rrt{K -f 1). (5) Btt d^nie. cm.“^ 

(6) 8-3 X 10“« cm. 

XXXVIII. (3) 1*62 X 10- amp. (4) 3-1 X 10^ dyne. 

XXXIX. (1) -4-7 dyne. (2) 0*71 dyne. (3) 2*99 cm. (4) 63*5 or 
31*7 erg. oersted.-^ (8) 90 erg. oersted.-^ 

XL. (1) 0*0225 oersted, (2) 0*14 oersted. (3) 37*2 unit-pole. 

744 unit-pole. cm. (4) 9*7 dyne. cm. (5) 7*4 sec. (6) 73*9 unit-pole. cm. 

(7) 125*3 dyne, cm., 65*2 erg. (15) 8*5. (16) 158 erg. oersted."^ 

(17) 22-7 unit-pole. 

XLI. (2) 229 erg. oersted.-^, 0*17 oersted. 

XLIV. (4) 0*159 amp. (5) 19*9877 oersted, (6) 0*4r“^ oersted. 

(7) 14*1 cycle, min."^ 

XLV. (1) 110*2 volt. (2) 6*76 volt. (3) 0*097 amp. (4) 1*76 volt., 
1*62 volt. (5) 3*6 ohm. (6) 9 ohm., 0*92 ohm., 0*23 amp., 2*25 amp. 
(7) 10 ohm. (8) 1101 ohm, (9) 118-2 ohm. (10) 1-43 ohm., 2 ohm. 
(11) 0*16 oersted. (12) 2-18 volt. (13) 1 : 1*83. 

(14) 6 ohm., 18*8 X 10-® olim, cm. (16) 0*24 amp. (17) 4*55 volt. ; 10 volt. 

(18) 9,000 ohm. series resistance. (19) 9,900 ohm. series resistance. 

(20) 6*90 ohm. (22) 19*1 ohm.; 1*01. (23) Shunt with 10*1 ohm. 

XLVI. (1) 1*984. (2) 1*51. (3) 1*015 amp. (6) 1*77 x 10-« olun. cm. 

(10) 21*3 erg. (11) 6 ohm., 4*55 cm. (12) 50 divisions, 2 x 10» ohm. 

XLVII. (1) 0*28 gm, (2) 8 turns. (3) 2*15 hour. (6) 13 ohm. 

(7) 1*25 amp. (9) 1*15 amp. 0*068 gm. (16) 2*69 X 
(17) 1*60 X 10“^^ coiilomb. 

XLVIII. (1) 4*08. (2) 0*98. (3) 4*7 ohm. (6) 100 ; 10 : 18*2 : 1*82 ^ or 

1 : 10 : 5*5 : 55. (7) Maximum out|>ut when 11 — 2 ohm. = internal resist- 

ance of battery. (9) 7*23 ohm. 

XLIX. (5) 7*1 X 10-5 yoit. (6) 0*050 amp. (7) 4 X 10“^ volt. 

(8) 1*3 X 10-5 volt. (9) 1*3 X 10-^ volt. (13) 2 X 10® oersted. 

(14) 47r/>tA-Wa. (15) 2 X 10“^ henry. (16) Stt X 10-‘i volt. 

(17) 9*5 X 10'^ linkages. 

L. (2) 60, 4*7. (3) 26*3 unit-pole. (4) 0*195 oersted. (5) 2*37 X 10® gauss. 
(6) 180 gauss. (7) 18*4 unit-pole., 368 gauss., 4*62 X lO^ guass., 0*82 X lO^. 

LI. (4) 0-56 X 10-5 sec. ( 5 ) 7.08 x 10® cm.sec.-b 139 volt, 

(6) 6*46 X 10® volt. ; 2-4 X 10" ^ cm. sec.-^ 
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45 6532 

613f 

624J 

634J 

' 

1 654! 

5614£ 
i625£ 
)635f 
1 645^ 
2655] 

I616C 

16268 

i636£ 

16464 

6170 

!6274 

16375 

16474 

6180 

6284 

6885 

6484 

6191 

6291 

6395 

649? 

, 6201 
, 6304 
; 6405 
!6503 

6212 

6314 

6415 

6513 

6222 

6325 

6425 

6522 

1 2 
I 2' 
1 2 
:i 2 

■3, 4 
3" 4 
3 '4 
3 4 

5 

5 

5 

I 

6 7 8 9 

6 7 8 9 

6 7 8 9 

6 7 8 9 

16561 

1 6571 

6580 

659C 

) 6599 

6609 

6618 

■I'2 

3 : 4 

1 

6 7 8 9 

46 662? 

47 6721 

48 6815 

49 690i 

50 699{ 

; 663' 
. 6731 
5 682 

j m 

) 699. 

7 664( 
06735 
1683( 
1 6925 

5 665( 
16745 
)6835 
) 692i 

16665 
16758 
16848 
5 6937 

6675 

6767 

6857 

6946 

6084 

677i 

mm 

mu 

t6693 
5 6785 
) 6876 
>6964 

6702 

6794 

6884 

6972 

6712 

6803 

6893 

,6981 

12 
1 2 
:1 2. 
1 2 

3 4 
3 4 
3 4 
3 4 

5 

5 

4 

J 

6 7 7 8 

5 6 7 8 

5 6 7 8 

6 6 7 8 

8700' 

7 7015 

5 7024 

7033 

7045 

j705C 

1 7059 

17067 

1 2 

3 3 

4 

5 '6, 7 8 


‘ of the above table which gives the logarithms of numbers 

^^%?oTl00b oi Messrs. Macmillan and Company, Limited, 

by whose permission they are reprinted. 
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® A ’ position of Gauss, 764 
Absolut© detemiiiiation of earth’s 
magnetic field, 781, 824, 982 
Accumulators, 903 
Aclinic line, 784 
Action of points, 701 
Adjustable resistor, 848 
Alpha rays, 1002 et seq. 

Alternating current, 622, 953 
supply, frequency of, 622 
Alternator, 955 
Ammeter, 857 
Ampere, the, 839 
Angle of declination, 777 
of dip, 776, 952 
Anion, 784, 800 
Anode, 885 
Anticathode, 997 
Arago’s disc, 949 
Arc, electric, 917-18 
Arrhenius, 894 
Artificial magnets, 739 
Astatic galvanometer, 820 
Attracted disc electrometer, 727 , 
Avogadro, 996 


‘ B ’ position of Gauss, 764 
Back e.m.f. in electrolytes, 890 
— in motors, 836 
Balance, magnetic, 746 
torsion, 663 et seq., 747 
Ballistic galvanometer, 834 
Barlow’s wheel, 828 
Bateman, 746 
Bates, 825 
Becquerel, 1002 
Bell, electric, 807 
Beta rays, 1002 
Bichromate cell, 805 
Bifilar electrometer, 727 
Biot and Savart, 817 
Boltzmann, 732 
Boys’ radiomicrometer, 934 
Bragg, 997 

Broadside-on position, 766 
Bunsen’s cell, 806 
ice calorimeter, 925 
Butterfly net experiment, Faraday’s, 
673 


Cadmium cell, 806 
Callendar, 874 
Canal rays, 997 

Capacitance of an electrometer, 730 
of condensers, 689 et seq., 731 
et seq., 878 

Capacity, specific inductive, 693 
Carbon filament lamp, 804 
Carey Foster bridge, 872 
Cascade, condensers in, 693 
Cathode, 885 
rays, 993 et seq. 

Cations, 798 
Cavendish, 722 
Cells, voltaic, 797 ei seg'. 
grouping of, 881 
resistance of, 865, 870 
Centigrade scale, 874 
Characteristic curve for an electro- 
lyte, 891 

of a conductor, 843 
of a diode, 1009 
Charge inside a conductor, 675 
Charged conductor, stress at surface 
of, 716 

Circular cuiTent, magnetic field due 
■ to.a, .815 , ' ■ 

Closed magnetic chains, 988 
Coefficient of increase in resistance 
with temperature, 875 
self-induction, 963 
Coercivity, 984 

Coil, moving, instrument, 854 et seq. 
Coil-ignition set, 971 
Colour, test for electricity, 662 
Comparison of magnetic fields, 771 
— moments, 768, 772 
Condenser, action of a, 688 

capacitance of a plate, 692, 724 

guard ring, 698 

energy of, 699 

spherical, 691, 719 

types of, 695 

variable, 696 

Condensers in parallel, 692 
in series, 693 

Condensing electroscope, 736 
Conductance, 841 
Conductivity, electrical, 861, 896 ■ 
Conductors, conjugate, 851 
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Conductors, electronic and electro- 
lytic, 885 

Conjugate conductors, 851 
Conservation of energy, 943 
Coolidge X-ray tube, 998 
Corkscrew rule, Maxwell’s, 810 
Corpuscles, negative (cathode rays), 
865 

Corrosion, 807 
Coulomb, 663, 747 
Coulomb, the, 839 
Coulomb’s theorem, 7 Id- 

torsion balance, 663, 665, 747 
Couple on a coil in a magnetic field, 
832 

Curie, 987, 1002 
Current efficiency, 900 

accurate measurement of, 867 
electric, 795 et seq. 
unit of, 814, 839 

Currents, force on, in a magnetic 
field, 827 

Curve of magnetization, 983 
Cylinder, electrified, 715 
Cylindrical air condenser, 721 

Daniell cell, 801 

Dead beat galvanometer, 834 

Debye, 710 

Declination, angle of, 777 
measurement of, 780 
Deflexion magnetometer, 762 
adjustment of, 768 
Demagnetizing effect of magnetic 
poles, 741 

the mainspring of a watch, 743 
Depolarizing agents, 908 
Determination of electro-chemical 
equivalents, 888, 
of e.m.f. of cell, direct, 900 
Diamagnetic substances, 744, 987 
Dielectric, 690 
constant, 709, 732 
constants of gases, variation with 
temperature, 709 
strength, 694 

Dielectrics, theory of isotropic, 705 
et seq. 

Difference of potential (electric), 680 
— potential (magnetic), 792 
Diode, 1008 

Dip, angle of, 776, 794, 952 
circle, 777 

determination of angle of, 777, 952 
errors of a, 778 et seq, 
needle, forces on a, 777 
Dipole, electric, 706 
Directional loci in a magnetic field, 
756, 816 

Discharge of electricity through 
gases, 99® et seq. 

Disintegration, radioactive, 1002 


Displacement, electric, 708 
Dissociation theory, 894 
Distribution of electricity on con- 
ductors, 672 

Dolezalek electrometer, 729 

Dry cell, 804 

Dynamo, 946 et seq., 955 

Earphone, 974 
Earth inductor, 951 
Earth’s gravitational field, 680 
magnetic field, 775 et seq., 824, 952 
Eddy currents, 948 
Effective current, 919, 954 
Einstein, 1011 
Electric bell, 810 

charge, unit of (electrostatic), 665 
current, small, measurement of, 733 
displacement, 708 
doublet, 705 
fieid,|667,|706 

— strength, 667 

— stresses in, 717 
intensity, 667, 709 
polarization, 706 
potential, 679 
susceptibility, 708 

Electrical determination of the me- 
chanical equivalent of heat, 913 
et seq. 

Electrification by friction, 660 
by induction, 669 
theories of, 672 

Electrochemical equivalent, 888 
Electrode potential, 798 
Electrolysis, 885 et seq. 

Faraday’s laws of, 887 
Electrolytes, 885 
and Ohm’s law, 890 
Electrolytic oxidation and reduction, 
908 

solution pressure, 798 
Electromagnet, 742 
Electrometer, attracted disc, 727 
bifilar, 727 
quadrant, 729 

Electromotive force, 840, 864 et seq., 
914 

Electron, 672 et seq., 994 
Electron emission from hot wires, 
917, 1008 

Electrophorus, 734 
Electroscope charged by induction, 
671 

condensing, 736 
gold leaf, 661, 671, 681 
Electrostatic unit of charge, 665 

— of potential difference, 680 
Elinvar, 750 

Emission of electrons from hot wires, 
917, 1008 

Emissivity of a surface, thermal, 920 


1020 


INDEX 


End correction, metre bridge, 859 
End-on position, 766 
Energy, of a charged condenser, 699 
losses in transformers, 968 
principle of conservation of, 684 
Equality of charges produced by 
friction, 675 

Equipotential surface, 685 
due to a point charge, 685 
Equivalent, Joule’s, 912 
magnetic shell, 813 
conductivity, 896 
Ewing, 988 

Farad, 878 

Faraday’s butterfly net experiment, 
673 

experiments on induced currents, 
936 et seq. 

ice-pail experiment, 674 

law of electromagnetic induction, 

942 

— quantitative study of, 947 
laws of electrolysis, 887 
ring-transformer, 964 
unit-tube, 668 
Ferguson, 860 

Ferromagnetic substances, 744, 978 
et seq., 988 
Fleming, 828, 941 
Flux, magnetic, 791, 940 
Force, on conductors in magnetic 
fields, 827 et seq. 

Foucault, currents (eddy), 948 
Franklin, 701 

Fundamental law of magnetometry, 
761 

Galvanometer constant, 821 
Galvanometers, 820 et seq. 

Gamma rays, 1002 
Gauss, ‘ A ’ and ‘ B ’ positions of, 
764 

proof of inverse square law, 766 
the, 791 

theorem of, 711, 791 
Gilbert, 740 

Gold leaf electroscope, 661, 671, 681 
action of, 681 
Gram-atom, 896 
-equivalent, 896 
-ion, 896 
-molecule, 896 
Gramme armature, 958 
Grotthus, 894 
Guard-ring condenser, 698 

‘ Ho ’ — determination of, 781, 824, 952 
Hard and soft X-rays, 998 
Heating effect of a current, 911 
Helmholtz galvanometer, 822 et seq., 

943 


Heusler’s alloys, 745, 986 
Hibbert’s magnetic balance, 746 
Horizontal variometer, 787 
Hot wires, electron emission from, 
917, 1008 

Hot wire X-ray tube, 998 
instruments, 918 
Hysteresis, magnetic, 983 

Ice-pail, Faraday’s, 674 
Ignition set for a motor car, 971 
Incandescent filament lamp, 917 
Induced charges, electrostatic, 669 
currents, 936 et seq. 
magnetization, 741, 978 
Inductance, effects of, 963 
self, 962 

Induction coil, 968 

electromagnetic, 936 et seq. 
magnetic, 791 
Inductor, earth, 951 
Inertia, moment of, 769 
Insulators, electric, 661 
Intensity of earth’s horizontal mag- 
netic field, 115 et seq., 824, 952 
electric field, 667 
magnetic field, 748, 979 
magnetization, 758, 790, 978 
Internal resistance of a cell, 864, 871, 
881 

International ampere, 839 
volt, 842 

Inverse square law for electric fields, 
664 

magnetic fields, 746 
— verification of, 746, 755, 766, 
771 

Ionization current, 733-4 
of air, 1000 
Ions, 798, 840, 894 
mobility of, 897 
Isoclinic, 784 
Isogonal, 784 

J, 912 

Jar, Leyden, 694, 701 
Jeans, 661 

Joule, heating effect of a current, 911 
Joule’s equivalent, 912 
law, 913 


Kelvin, 943 

Kelvin’s absolute attracted disc 
electrometer, 727 

method for resistance of galvano- 
meter, 859 

moving-magnet galvanometer, 835 
Kew magnetometer, 782 
Kirohoff, 848 ^ 

Kohlrausch bridge, 892 
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Lamp, incandescent, 804 
Laplace’s law, 830 

Law, inverse square, of electric field, 
664, 746, 765, 766, 791 

— magnetic field, 746 
Laws of electrolysis, 887 

induced currents, 941 et seq. 
of heating, 914 
of thermoelectricity, 929 
Leclanche cell, 803 
Left-hand rule, Fleming’s, 828 
Lenz’s law of induced currents, 941 
Leyden jar, 694, 701 
Linear cuiTent, magnetic field due 
to a, 815 

Lines offeree, 667, 712, 748 
Linkages, 941 
Local action, 807 
Loci, directional, 756, 816 
Loschmidt’s number, 996 
Loss of energy on connecting two 
charged condensers in parallel, 
700 

Magnetic balance, 746 
elements, 775 

field due to electric currents, 808 
et seq. 

— of a bar magnet, 761 

— of a vertical magnet, 754 

— strength, 748 
flux, 940 

— inside a solenoid, 819 
induction, 791, 978 
lines of force, 748 
maps, 784 

moment, 753, 769, 768 
permeability, 791 
potential, 792 
shells, 811 

— equivalent, 813 
storms, 788 
susceptibility, 791 

Magnetism, induced, 741, 978 
removal of, 743 

Magnetization, intensity of, and 
temperature, 978, 985 
theories of, 987 
Magnetographs, 786 et seq. 
Magnetometer, deflexion, 762 
{Schuster, 824 
vibration, Searle’s, 770 
Magnets, molecular, 988 

natural and artificial, 739, 742 
Mance’s method for determining re- 
sistance of a cell, 859 
Maximum power from a battery, 
915 

Maxwell, 722, 810, 818, 849, 925, 941, 
988 • 

Maxwell -turn, 941 
Maxwell’s cyclic currents, 849 


Measurement of resistance, 844 et 
seq.f 868 et seq. 
temperature, 874 

Mechanical equivalent of heat, 912 
Mercury interrupter, 972 
Meridian, magnetic and geographic, 
777, 780 

Metre bridge, 846 

— end corrections of a, 859 
Mica-cross, 993 
Microfarad, 878 
Microphone, 974 
Migration of ions, 897 ei seq. 

Millikan, 995 

Mirror galvanometer, 833 et seq. 
Molecular theory of magnetization, 
987 

Moment of inertia, 769 
a magnet, 753, 768 et seq. 

Motor, electric, 959 
Moving coil galvanometer, 833 
magnet galvanometer, 835 
Mutual action between currents, 830 
inductance, 960 

Natural magnets, 739 
Nernstj, 798 
Neumann, 942 
Neutral point, 752, 756, 816 
temperature, 931 

Null methods in magnet ometry, 769 

Oersted, the, 748 
Ohm’s law, 841 et seq. 

for electrolytes, 890 
Owen, 756 

Parallel plate air condenser, 692 
with guard-ring, 698 
plate condenser, 724 
Paramagnetic substances, 744, 987 
Peltier effect, 923 et seq. 

measurement of, 925 
Peimeability, magnetic, 791, 980 
Permittivity, 693 

Phenomena in a discharge tube, 992 
et seq. 

Photoelectric effect, 1010 
Platinum resistance thermometer, 
815 et seq. 

Points, action of, 701 
Polarization of cells, 801 
electric, 707 

Poles, magnetic, 747, 753, 775 
Positive and negative charges equal 
in amoimt, 675 
rays, 997 

Post Office box, 847 
Potential difference, 677 

— and electromotive force, 840, 
864 
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Potential di^erenee between the two 
sides of a magnetic shell, 814: 

— dne to a point charge, 683 

— electric, 679 

due to charged metal sphere, 687 

— metal disc, 687 

energy of a charged condenser, 699 
free and induced, 682 
gradient, 685 
magnetic, 792 

— due to a shell, 81 1 

— due to a small magnet, 793 
Potentiometer, 866 

Rayleigh’s, 870 
Power, measurement of, 919 
Practical units capacitance, 878 
of current, 839 
of potential difference, 840 
resistance, 841 

Primary cells, 801 et seq., 903 
Principle of least heat, 915 
Proof plane, 673 
Pseudo-neutral point, 752 
Pyrometer, 876, 933 

Quadrant electrometer, 729 
Quantity of electricity, 662, 839 
Quincke, 718 

Radial magnetic field, 750 
Radiation measuring instruments, 
815 

Radioactivity, 1001 et seq. 
Radiomicrometer, Boys’, 935 
Range of an alpha particle, 1005 
Rayleigh, 873 

Reealeseence temperature in iron, 985 
Rectification of a.e., 956 
Reduction factor of a galvanometer, 
821 

Reflecting galvanometer, 833 et seq. 

magnetometer, 763 
Remanence, 984 
Residual charge, 701 
Resistance box, 844 
by substitution, 844 
electrical, 841 

of a cell, Mance’s method, 859 
of an electrolyte, 890 
of a galvanometer, Kelvin’s 
* method, 859 

scale of temperature, 874 et seq. 
shunt method, 853 
small, determination of, 873 
variation with temperature, 873 ei 
seq. 

Resistances, comparison of, 845, 868 
in series and in parallel, 843 
Resistivity, 861 
Retentivity, 984 
Right-hand rule, Fleming’s, 941 



Rontgen, 997 

Root-mean-square current, 919, 954 
Rowland, 702 
Rutherford, 1002 

Schuster magnetometer, 824 
Seat of electrical energy, 700 
Secondary cells, 903 
Secular variation, magnetic, 788 
Seebeck effect, 922 
Self-inductance, 962 
Series-wound electrical machines, 957 
Sheiford Bidwell, 986 
Shells, magnetic, 811 
Shunts, 861 
universal, 852, 

Shunt-wound electrical machines, 957 
Siemens, 875 
Simple voltaic cell, 797 
Sine galvanometer, 822 
Soddy, 873 
Solar magnetics, 789 
Solenoid, magnetic field inside, 818 
Solution pressure, 798 
South-seeking pole, 740 
Spark, 963 
discharge, 992 

Specific inductive capacity, 693 
charge of an electron, 995 
resistance (resistivity), 861 
Spherical air condenser, 691, 721 
Standard cell, 806 
Strength of a magnetic shell, 811 
Stress at surface conductor, 716 
Stresses in an electric field, 717 
Sum and difference method for 
comparing e.m.fs., 865 
Surface density of charge, 675 
emissivity, 807 
Susceptibility, electric, 708 
magnetic, 791, 980 
Suspended coil galvanometer, 833 
magnet galvanometer, 835 

Tangent ‘ A ’ and ‘ B ’ positions of 
Gauss, 764 et seq. 

Tangent galvanometer, 822 
— resistance of a, 853 
magnetometer, 671 
sensitivity of a, 822 
Telegraphy, 810 
Telephone, 973 

Temperature of reealeseence, 985 
measurement of, 874, 933 
Theories of electrolysis, 894 
Theory of magnetization, 987 , 
Thermal effects of a current, 911 
Thermionic current, 1008 
Thermoelectric curve, 931 
inversion, 931 

Thermometer, platinum resistance, 
875 
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Thermopile, 934 
Thomson effect, 926. 

Torsion balance, 663, 665 
Transformer, 964 et seq. 

Transmission of electrical energy, 
966 

— speech, 975 

Transmitter, microphone, 974 
Transport number, 898 
Tubes offeree, 667, 712 
magnetic induction, 791 
Tungsten filaments, 998, 1008 
Types of cell, 801 et seq. 


Uniform magnetic field, 750 
Unit charge of electricity , 664 
current, 814, 839 
electromotive force, 840 
of potential difference, 840 
magnetic pole, 747 
resistance, 841 


Verification of Joule’s law, 913 
Olim’s law, for conductors, metal- 
lic, 842 

— electrolyiies, 891 
Vertical component of earth’s mag- 
netic field, 776, 831 
Vibration magnetometer, Searle’s, 
770 

Virtual current, 919, 954 
Volt, the, 840 
Voltaic cell, 797 
Voltameter, 889 
Voltmeters, 857 

Waltenhofen’s pendulum, 950 
Watson’s magnetograph, 787 
Watt, the, 912 
Wattmeter, 919 
Wehnelt interrupter, 972 
Weston cadmium cell, 806 
Wheatstone bridge, 845, 850 
Wimshurst machine, 736 


Vacuum junction, 954 
Variations, magnetic, 788 ei seq. 
Velocity, ionic, 899 


X-rays, 997 

Zeeman effect, 789 
Zero of potential, 679 


